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Arctic warming is already affecting the movement of freshwater and dissolved 
organic matter (DOM) from watersheds to the coastal ocean in the Arctic. Improved 
understanding of DOM in freshwater sources and linkages to DOM characteristics in 
Arctic coastal waters is needed to assess responses to and feedbacks with climate change. 
This work focuses on DOM characteristics that couple watershed and coastal systems in 
the Arctic, with specific considerations of river and groundwater inputs to lagoon 
ecosystems along the eastern Alaska Beaufort Sea coast. We found that spring and 
summer river-borne concentrations of dissolved organic carbon and nitrogen (DOC and 
DON) are strongly linked to variations in watershed slope and soil organic matter 
coverage across space and scale in the Arctic. The quantities and composition of DOM in 
lagoons of the eastern Alaska Beaufort Sea coast vary markedly between seasons. 
Specifically, lagoons experience a shift from high to low DOC and DON concentrations 
between the late spring sea ice break-up and winter ice-covered periods, but these 
concentrations are more variable during the summer open water period. Distinct seasonal 
transitions in ice coverage, runoff from land, and water exchange with the Beaufort Sea 
strongly influence the availability of lagoon DOM. During the summer, concentrations of 
 vi 
DOC and DON in supra-permafrost groundwater (SPGW) inputs to lagoons are much 
higher than those found in local rivers and lagoons. Late-summer fluxes of SPGW DOM 
to the northern Alaska coastline are substantial and may be the principal source of DOM 
to lagoons without river inputs. This SPGW DOM is sourced from readily leachable 
organic matter in surface soils and deeper soil horizons that likely extend into thawing 
permafrost. SPGW DOM contains aromatic carbon compounds that are largely resistant 
to microbial degradation on the order of days to months. While nearby river and lagoon 
water DOM has a similar composition and degradability, SPGW contains a portion of 
bioavailable and reactive DOM that is not present in river and lagoon waters. Inputs of 
SPGW DOM provide a potentially important source of energy for lagoon food webs 
along the Alaskan Beaufort Sea coast during the late summer.  
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Land-ocean coupling is a defining feature of Arctic watershed and coastal systems 
because a massive amount of freshwater discharge from the pan-Arctic watershed drains 
into a relatively small ocean basin (Aagaard and Carmack, 1989). Thus the transport and 
fate of water-borne nutrients from land, such as dissolved organic matter (DOM), has a 
marked influence on coastal biogeochemical and ecological processes in the Arctic 
(Benner et al., 2004). Numerous studies have been conducted over the past two decades 
to improve understanding of the linkages between DOM in Arctic watersheds and coastal 
waters. These studies reveal that distinct seasonal changes in surface hydrology drive the 
timing and magnitude of DOM export from northern rivers, where the vast majority of 
this export occurs during a short snowmelt-driven peak discharge period in the spring 
(McClelland et al., 2006; Holmes et al., 2012; McClelland et al., 2014). Moreover, 
seasonal changes in groundwater flow paths and soil structure associated with thawing of 
the active layer (i.e., surficial soils above frozen permafrost) strongly affect the sources 
and composition of fluvial DOM between the winter and summer months (Striegl et al., 
2005; O’Donnell et al., 2012; Barnes et al., 2018). Increases in river discharge, thawing 
permafrost, and groundwater flow with Arctic warming will impact seasonal changes in 
watershed hydrology and soil/permafrost characteristics, and in turn, the movement of 
DOM from Arctic watersheds to coastal waters (Frey and McClelland, 2009). However, 
we lack a complete understanding of the characteristics of DOM that link watersheds and 
coastal waters across the pan-Arctic, in particular, on river and groundwater inputs to 
nearshore Arctic estuaries. This information is urgently needed to anticipate responses to 
and assess feedbacks with warming on land-ocean systems in the Arctic. 
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Concerted efforts have been made recently to establish baseline understanding of 
DOM export from north-flowing rivers and to characterize linkages with biogeochemical 
cycling in coastal margins of the Arctic Ocean (Dittmar and Kattner, 2003; Amon, 2004; 
Holmes et al., 2013) and yet, there is still a dearth of information on DOM export from 
approximately one-third of the pan-Arctic watershed (Holmes et al., 2013). Scaling is one 
common approach to extrapolate DOM fluxes to these data-poor regions, but there is 
observable variability in DOM yields among northern rivers, suggesting that spatial 
differences in watershed basin characteristics impart strong effects on riverine DOM 
export (Raymond et al., 2007; Holmes et al., 2013; McClelland et al., 2014). Specifically, 
several studies have found that variations in watershed slope (i.e., a measure of catchment 
steepness) correlate to concentrations of DOM, which includes dissolved organic carbon 
and nitrogen (DOC and DON), in rivers of Alaska during the summer (D’Amore et al., 
2016; Harms et al., 2016; Khosh et al., 2017). Watershed slope may represent a simple 
but powerful indicator of concentrations of DOC and DON within rivers across the pan-
Arctic domain. Generalizing these relationships for the pan-Arctic watershed could help 
improve understanding of spatial variability in DOM export. These relationships could 
also be useful as tools for estimating riverine DOM fluxes where field data are lacking, 
thus improving our ability to estimate pan-Arctic watershed export as a whole. 
Seasonal cycles in runoff from land and sea-ice dynamics are inherent to temporal 
changes in physical, chemical, and biological interactions of Arctic coastal environments 
(McClelland et al., 2012). These seasonal cycles are more extreme within nearshore 
Arctic estuaries, such as lagoon systems along the Alaskan Beaufort Sea coast (Dunton et 
al., 2006). It is well recognized that temporal shifts in lagoon physicochemical conditions 
are strongly linked to distinct seasonal transitions in ice-coverage, runoff from land, and 
water exchange with the Beaufort Sea between the winter and summer periods (Harris et 
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al., 2017). Lagoons are more unique than other coastal systems because they receive 
direct inputs from land in the absence of fringing wetlands and are protected by barrier 
islands that limit water exchange with the open ocean. Lagoon ecosystems are also highly 
productive and serve as hotspots for the biogeochemical cycling of organic matter 
(Connelly et al., 2015; Harris et al., 2018). However, there is little information on 
variations in seasonally-distinct resources in lagoons systems, such as the quantities and 
composition of DOM, which forms the basis for their productivity. Seasonally-explicit 
field studies that identify temporal patterns in lagoon DOM characteristics are needed to 
improve understanding of the coupling between watershed nutrient export and DOM 
availability for biological production in nearshore estuaries of the Arctic.  
While river transport is an important source of DOM for biological production in 
Arctic coastal waters, supra-permafrost groundwater (SPGW) flow through seasonally 
thawed active layer soils (i.e., surficial soils above permafrost) may be another significant 
source of DOM to these waters that has been largely overlooked. SPGW peaks during the 
late summer when the amount of local rainfall and active layer thaw are at a maximum 
(Walvoord et al., 2012). Thawing of the active layer also exposes organic-rich soils, 
which can introduce a major source of soil leachate DOM to Arctic streams and rivers 
through lateral SPGW transport (Guo and Macdonald, 2006; Wickland et al., 2007; 
Neilson et al., 2018). However, there are virtually no studies on direct SPGW DOM 
inputs to Arctic coastal waters. Substantial SPGW inflow to lagoons of the eastern Alaska 
Beaufort Sea coast has been observed during the late summer. SPGW thus may be a 
significant source of DOM to lagoon ecosystems of northern Alaska, in particular, along 
stretches of coastline without rivers and during the late summer when river flow is 
typically low. SPGW may also provide a more biologically labile (biolabile) source of 
DOM than river inputs because SPGW circumvents major losses and transformations 
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associated with photo-degradation that surface waters experience during the summer 
(Cory et al., 2014) and likely experiences little biological degradation owing to cold, 
waterlogged, anoxic soil conditions during transport (Frey and McClelland, 2009). A 
comprehensive characterization of direct SPGW DOM inputs to Arctic coastal waters, 
including its quantities, composition, and bioavailability, is needed in order to gain a full 
understanding of the relationships between watershed inputs, biological production, and 
biogeochemical cycling in Arctic coastal regions. The immediate and on-going impacts 
of climate change add urgency to this research need since Arctic warming is causing 
permafrost (i.e., ground below perennially freezing temperatures) to rapidly thaw, which 
increases active layer thickness, liberates previously frozen and trapped stores of soil 
organic matter, and alters groundwater flow paths (Walvoord et al., 2012; Schuur et al., 
2013; Vonk et al., 2015). The synergetic effects of these myriad impacts will undoubtedly 
alter the movement of groundwater DOM to Arctic coastal waters (Frey and McClelland, 
2009; St. Jacques and Sauchyn, 2009; O’Donnell et al., 2012).  
The primary goal of this dissertation is to expand upon current knowledge of 
DOM characteristics that link Arctic watersheds and coastal waters, with a more specific 
consideration of river and groundwater inputs to lagoon ecosystems of the eastern Alaska 
Beaufort Sea coast. Chapter 1 focuses on generalizing relationships between watershed 
slope and concentrations of DOC, DON, and nitrate (NO3−) from pan-Arctic rivers that 
differ markedly in location and catchment size. To demonstrate the application of these 
tools, concentrations calculated from watershed slope-derived relationships were paired 
with discharge data to estimate annual fluxes of DOM from five Eurasian rivers in data-
poor regions. Chapter 2 focuses on improving fundamental understanding of seasonal 
patterns in DOM within coastal lagoons of northeastern Alaska. Here, the quantities and 
composition of DOM were investigated by measuring lagoon concentrations of DOC, 
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ratios of DOC to DON (C:N), and chromophoric DOM (CDOM) optical properties, 
SUVA254 and S275-295, during spring ice break-up (late June), the summer open water 
period (August), and during full ice cover over the winter (April). Temporal changes 
associated with distinct transitions in ice-coverage, runoff, and connectivity with the 
Beaufort Sea were examined by comparing patterns in DOM with shifts in salinity. 
Chapter 3 focuses on the leaching potential of DOM from nearshore Arctic soils and the 
quantities of SPGW DOM inputs to coastal waters of the Alaskan Beaufort Sea during 
late summer. Here we examined (1) the relationship between soil organic matter in the 
active layer and shallow permafrost and the production/leaching potential of DOM from 
these soils; (2) the soil-DOM sources in SPGW DOM inputs using radiocarbon (14C) 
dating; and (3) SPGW DOM fluxes that were derived from measurements of DOC and 
DON concentrations paired with groundwater discharge estimates from a steady-state 
excess radon (222Rn) mass balance model. Finally, Chapter 4 focuses on the quality of 
SPGW DOM and its potential to fuel biology activity in lagoons. Biodegradable DOC 
experiments, ultra-high resolution DOM molecular composition analysis (FT-ICR MS), 
and serial thermal oxidation (RPO) coupled to measurements of activation energy (E), 
stable carbon, and radiocarbon isotopic composition (δ13C and Δ14C) were employed to 
determine the bioavailability, chemical composition, and reactivity of DOM in SPGW 
inputs to lagoons along the eastern Alaska Beaufort Sea coast. 
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Chapter 1: Watershed slope as a predictor of fluvial dissolved organic 
matter and nitrate concentrations across geographical space and 
catchment size in the Arctic 
ABSTRACT 
Understanding linkages between river chemistry and biological production in 
Arctic coastal waters requires improved estimates of riverine nutrient export. Here we 
present the results of a synthesis effort focusing on relationships between watershed slope 
and seasonal concentrations of river-borne dissolved organic carbon (DOC), dissolved 
organic nitrogen (DON), and nitrate (NO3−) around the pan-Arctic. Strong negative 
relationships exist between watershed slope and concentrations of DOC and DON in 
Arctic rivers. Spring and summer concentration-slope relationships for DOC and DON 
are qualitatively similar, although spring concentrations are higher. Relationships for 
NO3− are more variable, but a positive relationship does exist between summer NO3− 
concentrations and watershed slopes. These results suggest that watershed slope can serve 
as a master variable for estimating spring and summer DOC and DON concentrations, 
and to a lesser degree NO3−, from drainage areas where field data are lacking, thus 
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fluvial dissolved organic matter and nitrate concentrations across geographical space and catchment size in 
the Arctic. Environmental Research Letters, 13(10), 104015. C.T. Connolly led the research design with 
guidance from co-authors of the published article. C.T. Connolly synthesized the previously collected data, 
conducted the analysis, generated all figures and tables, and wrote the chapter and its published version. 




Land-ocean coupling is strong in the Arctic, where north-flowing rivers account 
for over 10 % of the global runoff and connect a land area of ~20.5×106 km2 to an ocean 
basin that contains only ~1 % of the global ocean volume (Aagaard and Carmack, 1989; 
Shiklomanov, 1998). Together these rivers transport globally significant quantities of 
dissolved organic matter (DOM), which is reported herein as dissolved organic carbon 
and nitrogen (DOC and DON), to the Arctic Ocean resulting in markedly high 
concentrations of land-derived organic matter relative to other ocean basins (Opsahl et 
al., 1999; Dittmar and Kattner, 2003; Benner et al., 2004; McClelland et al. 2012).   
Major efforts have been made to characterize fluvial biogeochemistry at a variety 
of scales and locations within the pan-Arctic watershed during the past 20 years (e.g., 
Gordeev et al., 1996; Lobbes et al., 2000; Dornblaser and Striegl, 2007; Frey et al., 2007; 
Bowden et al., 2008; McClelland et al., 2014; McClelland et al., 2015; Lehn et al., 2017). 
Data from these studies have improved understanding of land-water connectivity in 
permafrost-influenced watersheds and established a basis for predicting potential climate 
change impacts on watershed nutrient export. The majority of annual riverine fluxes of 
water, organic matter, and inorganic nutrients to the Arctic Ocean occur during a short 
snowmelt period in the spring (Finlay et al., 2006; McClelland et al., 2006; Townsend-
Small et al., 2011; Holmes et al., 2012; McClelland et al., 2016). A large fraction of this 
river-borne DOM is biolabile (20–40 %; Holmes et al., 2008; Mann et al., 2012) and may 
provide a substantial carbon subsidy to coastal food webs in the Arctic (Dunton et al., 
2012; Casper et al., 2014; Harris et al., 2018). Fluvial transport of dissolved inorganic 
nitrogen (DIN) also merits attention as it has been identified as an important nitrogen 
source supporting primary production in Arctic estuaries (Amon and Meon, 2004; Tank 
et al., 2012; Le Fouest et al., 2013).    
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Despite recent efforts to characterize Arctic river biogeochemistry and land to 
ocean fluxes, a lack of concentration measurements in remote locations still hinders our 
ability to estimate fluxes from approximately one third of the pan-Arctic watershed 
(Holmes et al., 2013). This limits our ability to understand contemporary linkages 
between river inputs and biogeochemical cycling in the Arctic Ocean as well as our 
ability to forecast how changes in river inputs may influence biogeochemical cycling 
(including carbon storage/release and food web dynamics) in the future.   
Defining watershed characteristics that correlate with river chemistry may prove 
useful for estimating fluvial nutrient concentrations in these remote, largely inaccessible, 
data-poor regions. Previous studies have demonstrated that topography, hydrology, and 
wetland coverage play a major role in regulating the release of DOC, DON, and nitrate 
(NO3−) in monitored catchments of temperate forests and can be used as indicators to 
estimate concentrations in other forested regions (Hinton et al., 1998; Schiff et al., 2002; 
Inamdar and Mitchell, 2006, 2007; Creed et al., 2008; Creed and Beall, 2009; Winn et al., 
2009). Likewise, variability in DOM and inorganic nutrients across landscape gradients 
in Alaska have been attributed to differences in catchment topography and hydrology, 
wetland and permafrost coverage, characteristics of soils and vegetation, and seasonal 
thaw (McNamara et al., 2008; McClelland et al., 2014; D’Amore et al., 2016; Harms et 
al., 2016; Khosh et al., 2017; Lehn et al., 2017). Watershed slope has been highlighted as 
a particularly promising indicator of variations in fluvial DOM and NO3− among 
catchments (e.g., Schiff et al., 2002; Inamdar and Mitchell, 2006; Winn et al., 2009; 
Harms et al., 2016; Khosh et al., 2017). 
Here, we present the results of a synthesis effort focusing on DOC, DON, and 
NO3− concentration measurements from 70 drainage areas within the pan-Arctic 
watershed spanning seven orders of magnitude (ranging from < 1 km2 to 2.67×106 km2). 
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These drainages are primarily located on the North Slope of Alaska but also include the 
Yukon and Mackenzie in North America and the Ob’, Yenisey, Lena, and Kolyma in 
Eurasia. We quantify seasonal relationships between watershed slope and fluvial 
concentrations of DOC, DON, and NO3− and examine similarities and differences in 
these relationships across basins. Our analysis considers relationships between watershed 
slope and concentrations of DOC, DON, and NO3− over a much wider range of catchment 
sizes and geographic locations than previously considered in Arctic regions, thus 
facilitating broader conclusions about the robustness and generality of these relationships. 
Additionally, we examine whether an underlying relationship between watershed slope 
and soil organic matter content helps to explain spatial variability in fluvial DOC, DON, 
and NO3−. Lastly, we consider the utility of these relationships for estimating river 
concentrations and fluxes from remote areas of the pan-Arctic where field data on water 
chemistry are lacking. To demonstrate the application of these tools, concentrations 
calculated from slope-derived regression relationships were paired with discharge data to 
estimate annual fluxes from the Pechora, Mezen, Severnaya Dvina, Olenek, and Yana 
rivers on the Eurasian side of the Arctic. 
 
MATERIALS AND METHODS 
Concentration Data Collection and Analysis 
River chemistry data from sites visited between 2003 and 2014 are included in 
this study (Figure 1.1). Concentration data for the six largest Arctic rivers (2003-2014) 
are from the Arctic Great Rivers Observatory (Arctic-GRO) project. Water samples were 
collected from the Yukon at Pilot Station, Mackenzie at Tsiigehtchic, Yenisey at 
Dudinka, Ob’ at Salekhard, Lena at Zhigansk, and Kolyma at Cherskiy (n = 270). River 
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chemistry data from the North Slope of Alaska were collected from downstream locations 
on the Colville, Kuparuk, and Sagavanirktok in 2006 and 2007 (n = 123) (McClelland et 
al., 2014); six catchments in the headwaters of the Kuparuk and Sagavanirktok (upper 
Kuparuk, Imnavait, Atigun, Roche, Oksrukuyik and Trevor) in 2009 and 2010 (n = 480) 
(Khosh et al., 2017; Lehn et al., 2017); and eight rivers east of the Sagavanirktok (Kavik, 
Canning, Hulahula, Okipilak, Jago, Aichilik, Kongakut, and Turner) in 2011-2014 (n = 
48).  In total, data from 921 samples were included in this synthesis effort. 
Procedures for sample collection and analysis for the eastern North Slope rivers 
are described in Appendix A. Refer to Holmes et al. (2012), McClelland et al. (2014), and 
Khosh et al. (2017) for details on the other river systems. Concentration data for each 
sampling location were binned into seasons that correspond to distinct hydrologic phases: 
winter low flow from 1 October to 15 May, spring high flow between 16 May and 30 
June, and summer intermediate flow from 1 July to 30 September. Although there is 
variability in the timing of seasonal river discharge across the pan-Arctic (McClelland et 
al. 2012), these bins successfully capture the major seasonal transitions in flow that have 
been documented in all of the regions included in this study (Holmes et al., 2012; 
McClelland et al., 2012; McClelland et al., 2014; Khosh et al., 2017). However, winter 
flow only applies to the larger rivers included in this study since none of the rivers 
draining the North Slope of Alaska exhibit appreciable flow during the winter period.  
Each sampling location was assigned a single concentration value for DOC, DON, and 
NO3− for each season where data were available (seasonal coverage varied among sites).  
In some catchments east of the Sagavanirktok River, seasonal concentration values were 
from single sampling events. Where several days within a season and/or multiple years of 
data were collected at the same site, mean values were calculated for each season. In 
these cases, seasonal and yearly coverage ranged from 2 to 33 discrete samples collected 
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per season throughout a 1 to 10 year time period. All three constituents were measured 
with exception of NO3− and DON for 8 of the 52 summer sites and 2 of the 35 spring sites 
east of the Sagavanirktok. Although it would have been desirable to account for changes 
in concentration related to river discharge variability within seasons (Eimers et al., 2008; 
McClelland et al., 2014), discharge data were not available for most of the study sites.  
 
Slope-Concentration Regression Models 
Methods used to define watershed boundaries, slopes, and soil organic matter 
content for the contributing areas upstream of each sampling location are described in the 
supplementary information accompanying Appendix A. Season-specific regression 
relationships between watershed slope values and constituent concentrations were 
examined using two different datasets: 1) an “all data” case where data from all sites 
were used and 2) a “balanced” case where only data from sites with equal spring and 
summer sampling coverage were included. The number of data points in each case can be 
found in Table A.1. This approach allowed us to characterize relationships using 
maximum data coverage while also accounting for potential differences between 
regression relationships that could result from unbalanced seasonal sample coverage.  
Relationships between watershed slope and concentrations of DOC and DON were best 
explained using a natural log-linear fit of the data. The relationships between NO3− 
concentration and watershed slope were best defined using a standard linear fit. An 
analysis of co-variance (ANCOVA) was employed using R software to test for significant 
differences in slopes and intercepts between spring and summer regression lines for 
relationships using all available data and the balanced dataset. Regression coefficients 
can be found in Table A.1. We could not determine relationships between winter river 
concentrations and watershed slope using the small subset of available data (n = 6), 
 12 
although it is possible patterns would emerge with better data coverage. To observe scale-
dependent effects, data were additionally grouped for assessment within the following 
watershed size intervals: 0–100 km2, >100–2,000 km2, >2,000–5,000 km2, >5,000–
60,000 km2, and >60,000–2,700,000 km2.   
 
Estimation of DOM Fluxes for Select Eurasian Arctic Rivers 
Daily discharge measurements for the Pechora, Mezen, Severnaya Dvina, Olenek, 
and Yana rivers were gathered from the ArcticRIMS stream discharge database 
(http://www.wsag.unh.edu/arctic/RIMS-Old/group/real_time/) and from personal 
communications with A. Shiklomanov (University of New Hampshire). Average annual 
discharge was calculated during the 2001-2008 timeframe for the Pechora, 2003-2013 for 
the Mezen, 2002-2013 for the Severnaya Dvina, 2002-2008 for the Olenek, and 2002-
2013 (except 2008) for the Yana. In a few cases where daily values were missing, mean 
values from the same month were used for interpolation.    
Spring and summer DOC and DON concentrations for the Pechora, Mezen, 
Severnaya Dvina, Olenek, and Yana rivers were estimated using the “balanced” 
regression relationships in Table A.1. Winter concentrations for these rivers were 
estimated by averaging winter data from the six largest Arctic rivers (5.4 ± 2.3 SD mg 
DOC L-1 and 0.16 ± 0.05 SD mg DON L-1). Seasonal discharge was estimated by the sum 
of daily discharge values corresponding to the season-specific concentration bins and 
then multiplied by these concentrations to estimate seasonal fluxes. Annual fluxes were 
estimated from the sum of winter, spring, and summer fluxes and averaged across years. 
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RESULTS AND DISCUSSION 
Our analysis revealed that concentrations of DOC and DON are tightly coupled to 
mean watershed slope across a wide range of catchment sizes and geographical locations 
in the Arctic. Strong negative non-linear relationships exist between watershed slope and 
concentrations of DOC and DON, where lower catchment slopes correspond with higher 
concentrations and steeper catchment slopes correspond with lower concentrations 
(Figure 1.2). These relationships are qualitatively similar between the spring and summer 
periods; however, concentrations are higher during the spring. This seasonal difference is 
particularly evident in the balanced dataset for DOC, where the ANCOVA test identifies 
that regression line slope values are the same, but a significant difference in y-intercept 
values exists between the spring and summer periods (Table A.1). This demonstrates that 
there is a consistent offset between spring and summer concentration data across the 
range of catchment slopes. The observed seasonal shift is consistent with previous 
findings for Arctic regions, where frozen ground constrains snowmelt to surface and 
shallow soil flow paths that facilitate leaching of organic-rich soils and overlying 
vegetative material from the previous growing season (Guo and Macdonald, 2006; 
Spencer et al., 2008; Khosh et al. 2017; Lehn et al., 2017). Overall, watershed slope 
explains a remarkable 75 % and 70 % of the variability in spring concentrations of DOC 
(mg C L-1) and DON (mg N L-1) and 62 % and 65 % of the variability in summer 
concentrations of DOC and DON across catchments that span seven orders of magnitude 
and a broad geographic scope (Figure 1.2). Moreover, the 95 % confidence intervals 
bounding these relationships (Table A.1; dashed lines in Figure 1.2) demonstrate that the 
regression models are well constrained across the wide range of conditions represented. 
These results are consistent with those reported by D’Amore et al. (2016), revealing that 
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catchment slope was the best predictor of spring and fall stream DOC concentrations of 
the Alaskan perhumid coastal temperate rainforest.   
While seasonality accounts for much of the temporal variability in concentrations 
of DOC and DON observed in Arctic rivers, and a large proportion of annual DOM 
export occurs during the spring (Holmes et al., 2012), this analysis demonstrates that 
seasonal variations within individual rivers are relatively small compared to variations in 
DOC and DON concentrations across catchments with different morphometry. For 
example, concentrations of DOC at specific watershed slope values differ by one to two-
fold between spring and summer (balanced dataset), while DOC concentrations differ by 
an order of magnitude across the full range of slopes represented in this study (Figure 
1.2). As a more specific example, consider two adjacent rivers with very different 
watershed slope values: the Kuparuk has a slope of 2.5 % whereas the Sagavanirktok has 
a slope of 29 %. Differences between spring and summer DOC concentrations for the 
Kuparuk (8.5 and 5.1 mg DOC L-1 respectively) and Sagavanirktok (3.3 and 1.3 mg DOC 
L-1 respectively) are much smaller than season-specific differences in DOC 
concentrations between these two rivers.  
Changes in DOC and DON concentrations among catchments generally reflect 
differences in proportional contributions of peatland and/or coastal plain versus 
mountainous terrain and may be more specifically related to contrasts in soil organic 
matter content and water flow through soils among drainage basins (Judd and Kling, 
2002; Neff and Hooper, 2002; Frey and Smith, 2005; McGuire et al., 2005). These 
gradients in terrain can be seen visually in Figure 1.1 (bottom panel), where watershed 
coverage by coastal plain tundra and vegetation (green areas) decreases relative to 
coverage by mountainous terrain (pink areas) moving from west to east across the North 
Slope of Alaska. Our analysis of variations in soil organic carbon content (SOCC) among 
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the study watersheds shows that SOCC is significantly related to watershed slope (Figure 
1.3), with a markedly similar negative non-linear relationship compared to DOM 
relationships. Overall, watershed slope explains 57 % of the variability in SOCC among 
the drainage basins analyzed in this study. The extent to which high SOCC is related to 
watershed DOM concentrations, however, depends on the pervasiveness of soil saturation 
and water flow from land to streams (Creed et al., 2003, 2008). Longer water residence 
times have the potential to facilitate more leaching of DOM from soil organic matter 
stocks in low relief peatland terrain, which is shunted to stream and river networks during 
periods of high hydrologic connectivity (Ågren et al., 2008; Creed and Beall, 2009; Winn 
et al., 2009). The linkage between watershed slope and fluvial DOC and DON 
concentrations around the pan-Arctic likely reflects a strong correlation with functional 
wetland coverage that integrates variability in SOCC as well as hydrologic connectivity 
to stream and river networks (D’Amore et al., 2016; Harms et al., 2016). This is 
supported by a substantial body of literature demonstrating that low relief regions or 
wetlands play a key role in regulating DOM export and are a major source of DOM to 
rivers (e.g., Dillon and Molot, 1997; Gorham et al., 1998; Hinton et al., 1998; Gergel et 
al., 1999; Xenopoulos et al., 2003; Pellerin et al., 2004; Inamdar and Mitchell, 2006, 
2007). We do not see clear evidence of scale-dependent effects on slope-concentration 
relationships for DOM that would allow us to determine how (if at all) watershed size 
correlates to fluvial DOC and DON concentrations (Figure 1.2). However, as additional 
catchment slope and fluvial DOC and DON concentration data are collected in the future, 
some aspects of scale dependence may emerge.  
Patterns for NO3− are more variable, but a significant positive relationship exists 
between summer NO3− concentration (mg N L-1) and watershed slope (Figure 1.2). The 
lack of a relationship between watershed slope and NO3− concentration during the spring 
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suggests that sources and losses of NO3− do not differ among catchments when water 
flow paths are constrained to near-surface soil layers and cold temperatures moderate 
biological uptake rates. A positive relationship between NO3− and watershed slope 
emerges in the summer, when thawing soils allow water penetration to deeper soil layers.  
In general, this is consistent with steeper catchments having 1) a greater proportion of 
mineral soils relative to organic soils, and 2) short water residence times in soils. This is 
supported by previous studies demonstrating that lower NO3− concentrations are expected 
where low slopes promote water-saturated anoxic conditions that facilitate denitrification 
and low flow rates that facilitate NO3− uptake by primary producers (Jones et al., 2005; 
Inamdar and Mitchell, 2006; Creed and Beall, 2009; Harms and Jones, 2012; Louiseize et 
al., 2014; Harms et al., 2016). On the other hand, fluvial NO3− concentrations are 
typically higher in catchments with steeper slopes because rapid water transit during rain 
events promotes the export of stored NO3− in mineral soils that make up a greater portion 
of the seasonally thawed active layer (Schiff et al., 2002; Inamdar and Mitchell, 2006; 
Harms et al., 2016; Khosh et al., 2017). Thus, as for DOM, differences in water residence 
times, hydrologic connectivity to surface waters, and the proportion of mineral to organic 
soils (expressed as SOCC) are factors that help explain the positive relationship between 
summer NO3− concentrations and watershed slope. However, the relatively weak 
relationship between concentration and watershed slope for NO3− as compared to DOM 
suggests that additional factors contribute to the variability in fluvial NO3− concentrations 
across catchments. In contrast to DOM, there is some evidence for scale dependence of 
watershed slope-concentration relationships for NO3−: the overall increase in summer 
NO3− concentrations as a function of watershed slope appears to be, in part, driven by 
data from catchments < 5,000 km2 (Figure 1.2). This may reflect increasing (cumulative) 
process/removal effects as NO3− is transported downstream within large catchments.   
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Concentration and flux estimates for the Pechora, Mezen, Severnaya Dvina, 
Olenek, and Yana rivers in Eurasia demonstrate how the generalized relationships 
between DOM and watershed slope can be applied to other drainage basins within the 
pan-Arctic domain. Estimates of DOC and DON concentrations for these rivers ranged 
from 5.3 to 14.2 mg C L-1 and 0.19 to 0.39 mg N L-1, respectively (Table 1.1). In 
combination with river discharge data, these concentrations translate into flux estimates 
of 183 to 998 Gg per year for DOC and 5 to 29 Gg per year for DON (Table 1.1). In most 
cases, our slope-based concentration estimates are similar to concentration values 
previously reported in the literature (Table 1.1). One notable exception is the Yana, 
where our estimates of DOC and DON concentrations are substantially higher. This may 
be due to a difference in seasonal representation: samples for the Yana were collected 
during August for the Lobbes et al. (2000) study, when lower values would be expected.  
Recent DOC estimates from a seasonally-explicit field study of the Severnaya Dvina 
River (Johnston et al., 2018) may provide the best opportunity for comparison since 
temporal transitions in discharge were considered and samples were collected multiple 
times within a season over several years (2013–2016). Our estimates of DOC 
concentrations for the Severnaya Dvina are similar to field measurements from Johnston 
et al. (2018) for the spring (14.6 ± 0.8 mg C L-1), but are lower than their measurements 
for the summer (13.7 ± 1.1 mg C L-1). This suggests that our slope-based model may be 
over-estimating spring to summer decreases in DOC concentrations in the Severnaya 
Dvina region. Comparing our flux estimates to other studies (e.g., review by Dittmar and 
Kattner, 2003) is challenging because inter-annual variations in water-borne constituent 
fluxes primarily reflect differences in water discharge between years (McClelland et al., 
2012). The study by Johnston et al. (2018) does, however, provide one recent opportunity 
for comparing flux estimates. Our annual DOC flux and discharge estimates for the 
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Severnaya Dvina (896 ± 54 Gg and 99 ± 5.8 km3 yr−1 between 2002–2013) are similar to 
the 1190 ± 72 Gg and 86 ± 3.7 km3 yr−1 estimates between 2014–2016 from Johnston et 
al. (2018). For the other rivers in Table 1.1, our flux values can be considered updates to 
the older estimates because they are based on more recent discharge data and explicitly 
address seasonal differences in concentrations.  
 
CONCLUSIONS 
We synthesize data from a wide variety of rivers within the pan-Arctic watershed 
that differ in location and size to quantify relationships between watershed slope and 
fluvial concentrations of DOC, DON, and NO3−. We find that variations in spring and 
summer concentrations of DOC and DON are strongly related to variations in watershed 
slope across a broad range of geographic locations and catchment sizes in the Arctic. 
Summer concentrations of NO3− also correlate with watershed slope, but greater 
variability in this relationship points to other dominant factors contributing to differences 
in fluvial NO3− among catchments. It appears that watershed slope serves as a master 
variable for estimating concentrations of DOC and DON in rivers across the pan-Arctic 
domain and that slope-related variability in soil organic matter content helps to explain 
this linkage. Owing to the remote locations and challenges associated with working in the 
Arctic, there is a general lack of river chemistry data that can be used as a basis for 
modeling and assessing contemporary watershed nutrient export. The relationships 
defined herein provide a tool for deriving first-cut estimates of DOC and DON 
concentrations in Arctic watersheds where undertaking direct field measurements is 
logistically prohibitive. Furthermore, when paired with gauged, modeled, or remotely 
sensed river water discharge data, these relationships enable improved DOM flux 
estimation for catchments without chemistry data.  
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Although our data did not show clear geographic differences in slope-
concentration relationships for DOM, it is likely that regional distinctions related to other 
basin characteristics such as wetland abundance, hydrologic connectivity, permafrost 
coverage, and dominant vegetation types, which interestingly may also be directly 
controlled by watershed slope, would emerge with better data coverage. As additional 
concentration data are collected across the pan-Arctic, the development of region-specific 
relationships would be desirable. Given that the Arctic system is rapidly changing, these 
relationships cannot be reliably applied to future scenarios. They do, however, provide a 
basis for near-term estimation of DOC and DON concentrations as well as an opportunity 
for longer-term assessment of integrated changes in watershed biogeochemistry. In 
particular, tracking changes in slope-concentration relationships over time may be useful 
as an indicator of permafrost thaw, associated shifts in hydrology, and the transport of 
stored nutrients and organic matter from land to sea. Where water flow through mineral 
soils of low relief terrain or steeper catchments is enhanced, DOM export could decrease 
while fluxes of dissolved nutrients increase. Where organic-rich soils extend deep into 
permafrost, on the other hand, thawing coupled with changes in subsurface flow may 
actually mobilize large stores of soil organic matter and increase the delivery of DOM to 
stream and river networks. These landscape-scale changes may be visible from an 
upward or downward shift in relationships between fluvial DOC, DON, and NO3− 
concentrations and watershed slope.  
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Table 1.1 Average annual water discharge (km3/y), estimated annual fluxes (109 g), and spring and summer concentrations (mg 
L-1) of dissolved organic carbon (DOC) and nitrogen (DON) for the Mezen, Olenek, Pechora, Severnaya Dvina, 
and Yana rivers. Concentrations were calculated using the balanced regression models defined in Table A.1. 
Concentration estimates from Lobbes et al. (2000)a, Gordeev et al. (1996)b, and Johnston et al. (2018)c are 
included for comparison.  Values are ± 1 standard error.  Standard errors for concentration values reflect estimates 
of error in the modeled concentration data, while standard errors for flux values reflect inter-annual variability in 
discharge. 
 DOC  (mg C L−1)  
DON  





 Q  
(km3 y−1) 




Spring Summer Other studies   Annual fluxes between 2000-2013 
              
Mezen 13.6 ± 1.7 10.0 ± 1.2 12a  0.37 ± 0.04 0.34 ± 0.04 0.22a  183 ± 15  5.3 ± 0.42  20 ± 1.1 
Olenek 10.5 ± 2.2 7.6 ± 1.5 10a  0.30 ± 0.05 0.26 ± 0.05 0.25a  401 ± 23  12 ± 0.70  44 ± 2.6 
Pechora 11.8 ± 2.0 8.6 ± 1.4 13b  0.33 ± 0.05 0.30 ± 0.04 .  998 ± 62  29 ± 1.8  108 ± 6.4 
S Dvina 14.2 ± 1.6 10.4 ± 1.1 14-15c  0.39 ± 0.04 0.35 ± 0.03 .  896 ± 54  26 ± 1.6  99 ± 5.8 
Yana 7.4 ± 2.7 5.3 ± 1.9 2.8a  0.22 ± 0.07 0.19 ± 0.06 0.09a  221 ± 12  7.3 ± 0.37  37 ± 1.8 
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Figure 1.1. Sampling locations (red dots) within drainage basins of the 20.5×106 km2 
pan-Arctic watershed (top; bold red line) and the North Slope of Alaska 
(bottom). Watershed boundaries on the North Slope of Alaska are 
superimposed on a false color composite image that displays bare soil and 
rock as pink/magenta and vegetation as bright green. 
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Figure 1.2. Spring (left) and summer (right) relationships between watershed slope and 
concentrations of fluvial dissolved organic carbon (DOC; top), dissolved 
organic nitrogen (DON; middle), and nitrate (NO3−; bottom) of river water 
collected from catchments of various sizes using all available data: 0–100 
km2 ( ), >100–2,000 km2 ( ), >2,000–5,000 km2 ( ), >5,000–60,000 km2 (
), and >60,000–2,700,000 km2 ( ). Dashed lines mark the upper and lower 
limits of the 95 % confidence interval bands. 
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Figure 1.3. Relationship between watershed slope and soil organic carbon content 
(SOCC) of all watersheds and sub-catchments included in this study except 
the Ob’. Dashed lines mark the upper and lower limits of the 95 % 
confidence interval bands. Symbol colors are as defined in Figure 1.2. 
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Chapter 2: Seasonality of dissolved organic matter in lagoon ecosystems 
along the eastern Alaska Beaufort Sea coast 
ABSTRACT 
Seasonality is a defining feature of the physicochemical environment in Arctic 
coastal regions, but fundamental understanding of temporal patterns in dissolved organic 
matter (DOM) among lagoons ecosystems in the Arctic are lacking to date. Here we 
investigated seasonal patterns in the quantity and composition of DOM in lagoons along 
the eastern Alaska Beaufort Sea coast during ice break-up (late June), the open water 
period (August), and full ice cover (April). We measured bulk concentrations of 
dissolved organic carbon (DOC), ratios of DOC to DON (C:N), and chromophoric DOM 
(CDOM) optical properties, SUVA254 and S275-295, and found that the quantities and 
composition of DOM in Arctic lagoons vary markedly among seasons. We saw a general 
shift from high to low DOC, C:N, and SUVA254 values between June and April. These 
parameters were more variable during August, spanning the range observed during the 
other two seasons. S275-295 values were lower and well-constrained during June and higher 
but more variable in August and April. Patterns in DOM reflect distinct seasonal 
transitions in ice coverage, runoff from land, and connectivity with the Beaufort Sea that 
are coupled to changes in the sources and composition of DOM in Arctic lagoons. More 
specifically, lagoon DOM in the spring is strongly influenced by river-borne material that 
inundates the Beaufort Sea coastline. The composition of DOM during the summer 
reflects variability in runoff and water exchange with the open ocean between the spring 
and late summer periods. In some cases, DOC concentrations build-up beneath the ice 
over the winter, indicating that inputs of regenerated organic matter are important 
contributors to the winter DOM pool. Together this work provides new information on 
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linkages between terrestrial inputs, nutrient cycling, and ocean mixing in Arctic coastal 


























Arctic coastal waters are characterized by marked seasonality and strong land-
ocean interactions that define their unique physiochemical and biological character 
(Macdonald, 2000; Carmack and Wassmann, 2006; McClelland et al., 2012). Nearshore 
systems in particular experience major temporal shifts in day length, temperature, ice-
coverage, runoff from land, and connectivity with the open ocean between the winter and 
summer periods (Dunton et al., 2006). Distinct seasonal transitions of these variables in 
turn influence salinity regimes, land-derived inputs, and the availability of aquatic 
organic matter and nutrients (Connelly et al., 2015; Harris et al., 2017). Challenges 
associated with conducting fieldwork in remote Arctic regions, however, have limited the 
number of seasonally-explicit field studies on organic matter cycling in northern coastal 
systems. To date, knowledge of seasonal variations in dissolved organic matter (DOM) 
within Arctic lagoons is missing. This information is needed to improve understanding of 
linkages between biogeochemical cycling and biological production in Arctic coastal 
waters as well as to assess the immediate effects of on-going climate change. 
Coastal waters of the Alaska Beaufort Sea are completely or partially covered by 
ice and snow for about 9 months each year (roughly November to May), and only ice free 
for about 3 months per year (roughly July to September). During this time, nearshore 
waters are salty (full strength seawater to hypersaline), primary production is minimal, 
and inputs of freshwater and nutrients from land are virtually absent (Harrison et al., 
1982; McClelland et al., 2014; Connelly et al., 2015; Harris et al., 2017). As day length 
increases and air temperatures rise in the late spring (May to early June), snowmelt 
facilitates an increase in discharge from numerous streams and rivers draining the North 
Slope of Alaska (McClelland et al., 2012; Khosh et al., 2017). Rivers draining into the 
Alaska Beaufort Sea deliver well over half of their annual supply of freshwater, nutrients, 
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and organic matter during a short two-week period in the spring (McClelland et al., 
2014). This tremendous pulse of warmer river water inundates the coastal environment 
and adds an albedo effect, which together mixes and/or displaces marine water further 
offshore and accelerates sea ice break-up (Dean et al., 1994; Macdonald, 2000). As a 
result, nearshore waters become estuarine in character by the summer (July to October). 
With the disappearance of sea-ice comes an increase in light attenuation, leading to a rise 
in primary production in the late spring. Primary productivity is typically low in 
nearshore coastal systems during mid to late summer as enhanced biological activity 
depletes inorganic nutrients that built-up over the winter (Dunton et al., 2012; Dunton 
and Crump, 2014). During the summer open water period, coastal waters freely exchange 
water with the Beaufort Sea. Rivers return to baseflow conditions, while increases in 
direct groundwater flow and coastal erosion provide a new source of land-derived 
material to nearshore systems (Brown et al., 2003; Connolly et al., 2019a). These systems 
are largely heterotrophic throughout the summer owing to low in situ primary 
productivity and high rates of decomposition of terrestrial organic matter (Borges and 
Abril, 2011; Connelly et al., 2015). Local food webs thriving in Arctic nearshore 
estuaries rely heavily on this terrestrial material as a source of fuel and energy (Garneau 
et al., 2006; Dunton et al., 2006, 2012; Mohan et al., 2016; Harris et al., 2018). 
While variations in physical environmental conditions (e.g., salinity and 
temperature) are important drivers of biological production in Arctic coastal systems, the 
transfer of energy through trophic levels is largely controlled by allochthonous and 
autochthonous inputs of organic matter (Peterson et al., 1994). Most of the bioavailable 
organic matter in aquatic systems is in the dissolved form (i.e., DOM), which includes 
dissolved organic carbon and nitrogen (DOC and DON). The two major DOM sources to 
nearshore waters during the spring and summer periods are [i] land-derived inputs from 
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freshwater inflows (i.e., streams, rivers, and groundwater) and eroding coastal soils 
(McClelland et al., 2014; Gibbs and Richmond, 2015; Connolly et al., 2019a) and [ii] 
locally-sourced inputs, for example, from marine phytoplankton, microphytobenthos, 
small zooplankton, and heterotrophic protists (Harris et al., 2018). A third DOM source is 
from the decomposition of particulate organic matter (POM) and detritus in the water 
column and held within benthic sediments (Connelly et al., 2015). This in situ 
regenerated DOM may be particularly important over the winter when inputs from land 
and primary production are almost entirely absent.  
Estuaries around the world experience distinct gradients in the amount and types 
of DOM as freshwater sources from land mix with marine sources from the open ocean. 
Estuarine DOM simultaneously undergoes substantial transformation during transit to the 
open ocean owing to photochemical and biological degradation (Raymond and Bauer, 
2000, 2001; Aarnos et al., 2012; Fichot and Benner, 2012). While these collective 
processes are generally recognized as drivers of the cycling, bioavailability, and fate of 
estuarine DOM (Fichot and Benner, 2014), this understanding is not well developed in 
Arctic lagoon ecosystems that experience stronger land-ocean interactions and more 
extreme temporal cycles than other coastal margins. Lagoons along the eastern Alaska 
Beaufort Sea coast receive direct inputs from land and the benthic environment because 
lagoons are free of fringing wetlands and are very shallow (typically < 4 m). Water 
exchange with the open ocean is highly dynamic because mixing is limited to relatively 
small openings between barrier islands, thereby promoting inter-seasonal shifts in water 
column stratification and lagoon water residence times (Harris et al., 2017). Moreover, 
these effects are superimposed by variability in lagoon geomorphology, sea ice coverage, 
sea level, runoff from land, and currents and waves (Dunton et al., 2006).  
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In this study, we examined seasonal patterns in the quantity and composition of 
DOM in coastal lagoons of the eastern Alaska Beaufort Sea. We measured salinity, bulk 
concentrations of DOC, DOC to DON ratios (C:N), and chromophoric DOM (CDOM) 
optical properties, SUVA254 and S275-295, during spring ice break-up (late June), the 
summer open water period (August), and full ice cover over the winter (April). Lagoon 
systems make up well over half of the Alaska Beaufort Sea coastline and represent 
unique coastal features that experience extreme seasonal cycles, which are now subject to 
rapid shifts driven by climate change. This work is part of a larger effort aimed at 
understanding how variations in terrestrial inputs, local production, and exchange 
between lagoons and the Alaska Beaufort Sea interact to control food web dynamics 
through the cycling of carbon and nitrogen over seasonal timeframes.  
Climate change adds some urgency to this research need since nearshore systems 
in the Arctic are especially vulnerable to changes occurring at their land and ocean 
domains (Lantuit et al., 2011). Warming in the Arctic is accelerating at a rate that is twice 
the global average and coastal systems are already experiencing impacts associated with 
changes in the hydrologic cycle (Rawlins et al., 2010), thawing permafrost (Frey and 
McClelland, 2009; Schuur et al., 2013, 2015), river discharge (Peterson et al., 2006; 
McClelland et al., 2006; Rawlins et al., 2019), coastal erosion (Jones et al., 2009), sea ice 
dynamics and wave activity (Forbes, 2011), and the frequency and severity of storms 
(Hinzman et al., 2005). Synergetic change associated with these impacts will undoubtedly 
alter DOM properties in Arctic coastal waters, with broad implications of shifts in the 
timing and magnitude of biological production and biogeochemical cycling. Seasonally-
explicit studies on DOM dynamics within Arctic coastal waters are therefore needed for 
assessing responses to and feedbacks with climate change. 
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MATERIALS AND METHODS 
Study Sites 
Several sites inside and outside of barrier islands along the eastern Alaska 
Beaufort Sea coast between the Hulahula River delta (144.190 °W) and Demarcation Bay  
(141.267 °W) were sampled for measurements of DOC concentrations and its C:N ratios, 
and CDOM optical properties in August 2011, and April, June, and August 2012 and 
2013 (Figure 2.1). Four lagoons, Kaktovik (KA), Jago (JA), Angun (AN) and Nuvagapak 
(NU), and one site outside the barrier islands near Barter Island (BPDL) were sampled in 
all three seasons. Two additional lagoons, Tapkaurak (TA) and Demarcation Bay (DE), 
and three sites outside the barrier islands, near the Hulahula River (HU), Bernard Spit 
(BE) and Demarcation Point (DP), were also sampled in August. In August 2013, 
however, only KA, JA, AN, BPDL and BE were sampled due to severe weather. During 
June and April, generally two stations per site were sampled, while in August, samples 
were collected from two to three stations per site. One notable exception was the BPDL 
site, where only one station was sampled during each season.   
 
Environmental Conditions 
Salinities in our lagoon systems range from completely fresh to hypersaline (0 to 
> 45) with temperatures ranging from –2 to 14 °C depending on the time of year (Harris 
et al., 2017). In April, lagoons are predominately made up of marine water from the 
Beaufort Sea. Ice forms between 1.5 and 2 m thick over the winter, which leads to brine 
rejection and the development of hypersaline conditions where water exchange with the 
open ocean is limited (i.e., if lagoons have few or small openings between barrier 
islands). In June, numerous valley streams and small rivers drain into our lagoons sites at 
the onset of the spring freshet, which marks the beginning of hydrologic year. The freshet 
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pulse pushes salty water out of the lagoons and speeds up sea ice break-up and melting, 
causing lagoons to become nearly fresh in late June. However, in some cases lagoons 
maintain well-stratified and hypersaline bottom waters (typically ≥ 3 m) if runoff is not 
strong enough to vertically mix the entire water column (Harris et al., 2017). In August, 
wind and tidal-driven transport circulates marine water back into lagoons, typically 
leading to mixed estuarine environments depending on lagoon geomorphology and the 
degree of summer runoff (Harris et al., 2017).  
 
Sample Collection 
One to three water depths were sampled at each station depending on overall 
water column depth and stratification conditions. Samples in April and June were 
collected from ≤ 2 m and ≥ 3 m below the top of the ice or water surface with a peristaltic 
pump set-up (Geotech GeoPump with Masterflex C-flex tubing). A depth of 2 m below 
the top of the ice surface corresponds to ~0.5 m from the ice-water interface. August 
samples were collected from near the surface (between 0.25 m and 0.75 m) by 
submerging carboys into the water. Samples from deeper in the water column (between 1 
to 4 m) were collected at specified depths using a peristaltic pump. Water for DOC, total 
dissolved nitrogen (TDN), and dissolved inorganic nitrogen (DIN) measurements were 
0.45 µm field-filtered using disposable Geotech membrane cartridges. Salinity was 
measured with a YSI sonde at all sites and depths where water samples were collected. 
Acid-washed and Milli-Q rinsed polycarbonate bottles were used to store DOC/TDN 
samples, while acid-washed and Milli-Q rinsed HDPE bottles were used to store DIN 
samples. Both types of samples were stored frozen until analysis.  
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Chemical Analysis 
DOC/TDN was measured at the University of Texas, Marine Science Institute 
(UTMSI) on a Shimadzu TOC-V CSH analyzer with a TNM-1 total nitrogen detector. 
DON was estimated from TDN minus DIN, which includes nitrate plus nitrite (NO3− + 
NO2−) and ammonium (NH4+). Concentrations of DIN were determined at UTMSI using 
standard colorimetric measurements scaled down for analysis with a 96-well microplate 
spectrophotometer (Mooney and McClelland, 2012; Khosh et al., 2017). Values 
measured below the detection limit for NO3− plus NO2− and NH4+ were reported as zero. 
Chromophoric dissolved organic matter (CDOM) absorbance spectrums were measured 
with a portable Ocean Optics UV-Vis spectrophotometer immediately after field 
collection and filtration in Alaska. CDOM parameters, SUVA254 and S275-295, were 
calculated according to Helms et al. (2008) and Spencer et al. (2008). It is important to 
note that fewer measurements of CDOM were made relative to DOM, but the spread of 
CDOM data does include the full range of study sites, waters depths, and salinities where 
DOM samples were collected. 
 
Statistical Analysis 
DOC, C:N, SUVA254, and S275-295 data were averaged by season, June (spring), 
August (summer), and April (winter) for samples collected inside lagoons as well as 
outside lagoons for comparison. To tease apart relationships that occur within specific 
salinity ranges (i.e., are reflective of different source waters and mixtures irrespective of 
season), lagoon DOM variables were averaged according to the following salinity bins: 
0–5 as freshwater, 6–30 as estuarine, 31–33 as marine, and 34–44 as hypersaline waters. 
Lagoon DOM variables were also plotted against their respective salinity values and 
grouped visually by month to observe temporal variations with salinity for individual 
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seasons. Pair-wise t-tests were performed in R software to compare average DOM data 
across seasons for sites sampled inside and outside lagoons. Pair-wise comparisons were 
also made on DOM data between inside and outside groups for the same season. A Tukey 
HSD test was performed to compare average DOM data between salinity groups. Log-
transformed DOC, C:N, and SUVA254 values, but non-transformed salinity and S275-295 
data were used for these statistical comparisons. A principal components analysis (PCA) 
was performed with lagoon DOC concentrations, C:N, SUVA254 and S275-295 data and 
grouped visually by salinity. The PCA was performed in R software (“prcomp” package) 
using non-transformed variable data that were scaled and centered as opposed to 
normalized. Values tended to be negative on the biplot, so PCA scores were transposed to 




Here and in the proceeding sections, we describe our results starting in June to 
follow changes along the progression from the spring freshet through the summer open 
water period and culminating at the end of the winter ice covered period. As expected, 
lagoon salinity values varied markedly across seasonal timeframes (Table 2.1). Average 
salinities within and outside lagoons were lower in June than August, which were both 
lower than in April (Table 2.1). Average salinities between inside and outside lagoons 
were similar in April and June, but salinity was higher outside of lagoons in August 
(Table 2.1). It is important to note that we found a non-normal distribution in lagoon 
salinity data in June (ranging from < 1 to 44, with a median of 3.5) and August (ranging 
from ~2 to 44, with a median 38.6). 
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Quantities of Dissolved Organic Matter 
Average concentrations of lagoon DOC collected during June were higher than 
August and April (Table 2.1). August and April lagoon DOC concentrations were similar 
to each other; however, August concentrations were slightly higher (Table 2.1). We 
found a similar seasonal trend in DOC concentration from outside of lagoons. Average 
DOC concentrations outside of lagoons were higher in June than in August and April. 
DOC concentrations outside of lagoons in August and April were similar to each other, 
but August concentrations were slightly higher (Table 2.1). Average DOC concentrations 
between inside and outside lagoon sites were similar in June, but were higher inside 
lagoons in August and April (Table 2.1).  
DOC concentrations in near fresh lagoon waters (208 ± 12.5 µM C) were on 
average higher than estuarine (129 ± 6.4 µM C), marine (94 ± 3.9 µM C), and 
hypersaline lagoon waters (137 ± 5.3 µM C) (Figure 2.2a). DOC concentrations were on 
average higher in hypersaline lagoon waters compared to estuarine and marine lagoon 
waters (Figure 2.2a). DOC concentrations in estuarine lagoon waters were similar to 
marine lagoon waters, although the weak statistical similarity (p-value = 0.06) indicates 
that estuarine DOC concentrations were slightly higher (Figure 2.2a).  
Patterns in DOC concentration with salinity reveal that near fresh lagoon waters 
experienced a wide range of DOC concentrations in June (teal circles in Figure 2.3). In 
some cases, hypersaline lagoon waters were found in June with lower concentrations of 
DOC relative to near fresh lagoon waters (Figure 2.3). August lagoon DOC 
concentrations were less variable and lower than June, over a wider range of salinities 
from fresh to near full-strength seawater (black circles in Figure 2.3). August DOC 
concentrations were higher in low-salinity estuarine lagoon waters (~12–25), while DOC 
concentrations were lower in high-salinity estuarine lagoon waters (~25–29) (Figure 2.3). 
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April DOC concentrations within marine and hypersaline lagoon waters were typically 
lower than those found in near fresh lagoon waters in June, but were more similar to 
lagoon DOC concentrations in August (red circles in Figure 2.3). April DOC 
concentrations were consistently low in marine lagoon waters and were higher in 
hypersaline lagoon waters (Figure 2.3). April DOC concentrations were markedly similar 
to those found in June within hypersaline lagoon waters (Figure 2.3).  
 
Composition of Dissolved Organic Matter 
Average lagoon C:N ratios and SUVA254 values were higher in June than August 
and April (Table 2.1). Average lagoon C:N and SUVA254 were similar in August and 
April; however, August values were higher (Table 2.1). Likewise, C:N and SUVA254 
values from outside of lagoon sites were higher in June than August and April, which 
were again similar to each other (Table 2.1). C:N ratios between inside and outside 
lagoon sites were similar in June, August, and April (Table 2.1). SUVA254 values between 
inside and outside lagoon sites were similar in June and April, but were higher inside 
lagoons in August (Table 2.1). Average lagoon S275-295 values were similar in June and 
August, but were higher in April (Table 2.1). S275-295 values from outside of lagoon sites 
in June were similar to August and April, but June S275-295 values were slightly lower than 
those found in April, while August S275-295 values were higher than April S275-295 values 
(Table 2.1). Average S275-295 values between inside and outside lagoons were similar in 
June and August, but were higher inside lagoons in April (Table 2.1).  
C:N and SUVA254 values in fresh lagoon waters (28.7 ± 2.0 molar ratio; 3.7 ± 0.1 
L mg C-1 m-1) were on average higher than estuarine (18.5 ± 0.9 molar ratio; 2.9 ± 0.1 L 
mg C-1 m-1), marine (16.6 ± 1.8 molar ratio; 2.5 ± 0.4 L mg C-1 m-1), and hypersaline 
lagoon waters (15.1 ± 1.6 molar ratio; 2.3 ± 0.1 L mg C-1 m-1) (Figure 2.2b,c). Average 
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C:N ratios in estuarine lagoon waters were slightly higher than hypersaline lagoons 
waters, but average C:N between estuarine and marine as well as between marine and 
hypersaline lagoon waters were similar (Figure 2.2b). We found similar trends in our 
SUVA254 values; however, in comparison to patterns in C:N, SUVA254 in estuarine 
lagoon waters tended to be higher than marine and hypersaline lagoon waters (Figure 
2.2b,c). Average S275-295 values in fresh lagoon waters (13.8 ± 0.2 ×10-3 nm-1) were on 
average lower than hypersaline lagoon waters (16.5 ± 0.8 ×10-3 nm-1), but were similar to 
estuarine (14.8 ± 0.6 ×10-3 nm-1) and marine (13.7 ± 1.7 ×10-3 nm-1) lagoon waters (Figure 
2.2d). S275-295 values in marine lagoon waters were slightly lower than estuarine, which 
were both slightly lower than hypersaline lagoon waters (Figure 2.2d).  
Patterns in C:N ratios with salinity show that near fresh lagoon waters 
experienced a wide range of C:N in June (Figure 2.4a). In some cases, hypersaline lagoon 
waters were found in June with lower C:N relative to near fresh lagoon waters (Figure 
2.4a). August lagoon C:N ratios were typically lower and less variable than June across 
the summer range of salinities (Figure 2.4a). Unlike patterns in DOC concentration, there 
appears to be no observable relationship between August C:N ratios and salinity (Figure 
2.4a). Similar to patterns in DOC concentration, April C:N ratios within marine and 
hypersaline lagoon waters were typically lower than those found in near fresh lagoon 
waters in June, but were similar to lagoon C:N values in August (Figure 2.4a). However, 
unlike patterns in DOC concentration, April C:N values were consistently low across 
marine and hypersaline lagoon water salinities (Figure 2.4a). April C:N ratios were 
similar to those found in June in hypersaline lagoon waters (Figure 2.4a). 
SUVA254 values in near fresh lagoon waters were tightly bound between 3.0 and 
5.3 L mg C-1 m-1 (Figure 2.4b). August lagoon SUVA254 values tended to be similar to 
June in low-salinity lagoon water, but were lower at salinities approaching full-strength 
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seawater (Figure 2.4b). April SUVA254 values were lower than those found in June, and 
to a less degree in August, across the winter range of high salinities (Figure 2.4b). Similar 
to patterns in C:N ratios, there appears to be no observable difference in April SUVA254 
values between marine and hypersaline lagoon salinities (Figure 2.4b). April and June 
SUVA254 values in hypersaline lagoon waters were similar (Figure 2.4b). 
S275-295 values in near fresh lagoons were tightly bound around 12.5 and 15.1×10-3 
nm-1 (Figure 2.4c) during June. August S275-295 values were both lower and higher than 
those found in June and do not show any clear relationship with salinity (Figure 2.4c). 
Likewise, April S275-295 values tended to be higher than June values, and to a lesser 
degree in August, and do not show any clear relationship with salinity (Figure 2.4c).  
 
PCA of Dissolved Organic Matter Variables 
The first two components of our PCA collectively explain a remarkable 82.5 % of 
the variance in our lagoon DOC, C:N, SUVA254, and S275-295 data. Principal component 
one (PC1) explains 43.6 % of the data and correlates positively with high values of 
lagoon DOC, C:N, and SUVA254, but correlates slightly negatively with lagoon S275-295 
values (Table 2.2; Figure 2.5). Principal component two (PC2) explains 38.8 % of the 
data and correlates positively with high values of lagoon S275-295, and to a lesser degree 
lagoon DOC and C:N values (Table 2.2; Figure 2.5). Interestingly, PC2 correlates 
negatively with high values of SUVA254. Low-salinity samples collected in June have the 
highest positive relationships on PC1. Some August samples with mid-range salinities 
also appear to have positive but weaker relationships on PC1. August and April samples 
in the mid-to-high range of salinities tend to have negative relationships on PC1. High-
salinity samples from April have negative relationships on PC1 in particular. Mid-to-high 
salinity samples from August and April both have high positive and high negative 
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relationships on PC2, while low-salinity samples from June appear to have weaker or no 
relationships on PC2. There is little overlap between low-salinity samples from June and 
higher salinity samples from August and April with respect to PC1 and PC2. In contrast, 
low-to-high salinities from August and April overlap considerably, especially on PC2.  
 
DISCUSSION 
In this study, we demonstrate that nearshore lagoon ecosystems experience 
marked seasonal changes in the quantities and sources of DOM between the spring and 
winter months. Here we discuss temporal shifts in environmental conditions that 
influence the quantities, sources, and composition of lagoon DOM during the 
seasonal/hydrologic progression from (1) sea ice break-up following the spring freshet to 
(2) the ice-free summer open water period and then to (3) the winter ice-covered period.  
Lagoon DOM in June is predominately made up of river-borne organic matter that 
overwhelms lagoon environments following peak discharge in the late spring. Rivers 
draining the North Slope of Alaska typically have high DOC concentrations and C:N 
ratios during the spring freshet owing to large contributions of leachates derived from 
snowmelt-driven flow through decomposing litter and shallow organic-rich soils above 
frozen ground (Spencer et al., 2008; McClelland et al., 2014; Connolly et al., 2018). We 
found markedly similar high DOC concentrations and C:N ratios within low-salinity 
lagoon waters following peak discharge in June (Table 2.1). While inputs from spring 
primary production (i.e., phytoplankton blooms and the growth of benthic/sea ice algae) 
may also contribute to the observed high DOC concentrations in June, SUVA254 and S275-
295 values from these samples (Table 2.1) reveal a strong terrestrial-freshwater signal that 
resembles that of larger northern rivers during the freshet period (Spencer et al., 2008, 
2009; Mann et al., 2012). These results suggest that lagoon DOM in June is strongly 
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influenced by recently produced vegetation leachates from rivers draining the North 
Slope of Alaska during the freshet. Inputs from primary production, on the other hand, 
appear to make up a relatively small component of the spring lagoon DOM pool. This 
may in part be because autochthonous DOM is more bioavailable and tends to degrade 
relatively quickly compared freshet-derived riverine DOM, which degrades on the order 
of weeks to months (Holmes et al., 2008; Mann et al., 2012). The quantities and 
composition of DOM between inside and outside lagoon sites are similar in June (Table 
2.1), which indicates that river-borne DOM from the freshet overwhelms coastal waters 
during the late spring. The large terrestrial-freshwater contributions likely mask an 
autochthonous CDOM signal. These results align well with other studies from around the 
Arctic, which found that peak discharge in the spring accounts for the high observed 
DOC concentrations in coastal margins, when large north-flowing rivers deliver the vast 
majority of their annual export of freshwater and DOM (Amon, 2004; McClelland et al., 
2012; Holmes et al., 2012). This demonstrates that our findings are consistent with 
studies conducted elsewhere in the Arctic despite major differences in scale. 
Interestingly, we found a large spread in DOC concentrations and C:N ratios 
within low-salinity lagoon waters during June despite strong evidence that lagoon DOM 
is derived from terrestrial material (Figures 2.3 and 2.4). One possible explanation is that 
lagoons experience varying degrees of dilution as DOM from river water mixes with 
meltwater from sea ice during the break-up period (Harris et al., 2017). To investigate 
this further, we compared lagoon DOC concentrations and C:N ratios with stable oxygen 
isotope (δ18O) data from a subset of low-salinity (salinity < 5) lagoon water samples 
collected in June (Figure B.1a,b; data from Harris et al., 2017). Here we found that δ18O 
does not correlate with lagoon DOC concentrations or C:N ratios as expected if dilution 
from meltwater was the primary driver of the observed spread in June DOC and C:N 
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data. Likewise, this finding indicates that differences in the number or size of rivers 
draining into lagoons cannot solely explain the observed trends either. Spatial differences 
in riverine concentrations of DOC and DON draining into these lagoons is perhaps a 
more reasonable explanation of the wide range in DOC concentrations and C:N ratios 
within low-salinity lagoon waters. A recent study found that concentrations of DOC and 
DON in rivers draining into or near our lagoon sites vary markedly during both the spring 
and summer (Connolly et al., 2018). The large range of fluvial concentrations of DOC 
and DON were attributed to spatial differences in the amount of soil organic matter in 
watersheds draining this region, which relates to their relative coverage by organic-rich 
coastal plain terrain versus organic-poor mountainous terrain (Connolly et al., 2018).  
The observed decrease in lagoon DOC concentrations, C:N ratios, and SUVA254 
values between June and August can in part be explained by the exchange of water from 
the freshet with marine water from the Beaufort Sea during the open water period (Table 
2.1). DOC concentrations, C:N ratios, and SUVA254 values in estuarine lagoon waters 
generally fall in-between those found in fresh and marine lagoon waters (Figure 2.2), 
which indicates that conservative mixing between lagoon freshwater and marine DOM 
end-members plays a key role in lowering lagoon DOC concentrations by August. This is 
supported by an observable conservative mixing behavior in the DOM data with salinity 
between June and August (Figures 2.3 and 2.4). Given that DOC concentrations are 
highly variable in lagoon freshwaters in June, but marine DOC concentrations and 
SUVA254 values are reasonably well-constrained (i.e., those found in April), the observed 
non-conservative spread in August DOM data with salinity could simply arise from the 
conservative mixing of marine water with lagoon freshwaters with varying starting DOC 
concentrations (Figures 2.3 and 2.4). We also found that waters outside of lagoons remain 
estuarine during August (Table 2.1), which provides evidence that freshwater and DOM 
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from the freshet residing outside of lagoons mixes slowly with the open ocean between 
the late spring and summer months. In other words, DOM from the freshet may actually 
mix back and forth between inside and outside of lagoons during this time period. The 
magnitude of freshwater exchange likely decreases later in the summer, however, when 
marine water from the Beaufort Sea has more thoroughly mixed with coastal waters 
adjacent to lagoons. The residence time of freshet-derived DOM in lagoons following 
spring sea ice break-up is likely affected by lagoon geomorphology, such as water depth 
and the number/size of openings between barrier islands (Harris et al., 2017).  
In contrast, differences in the DOM variables between inside and outside lagoon 
sites provide evidence that additional factors affect the observed quantities of lagoon 
DOC in August. DOC concentrations and fluxes from northern Alaska streams and rivers 
are typically much lower in August due to a combination of low surface hydrologic flow 
and enhanced biological and photo-degradation in soil/surface water networks (Striegl et 
al., 2005; McClelland et al., 2014; Cory et al., 2014). Rivers draining the North Slope of 
Alaska also have lower C:N ratios during the summer, due to higher proportional DOM 
contributions from processed leachates in deeper active layer soils (Spencer et al., 2008; 
McClelland et al., 2014; Connolly et al., 2018). Thus changes in the composition and 
supply of DOM carried by rivers in the weeks/months following the freshet can help 
explain the decrease in lagoon DOC concentrations and C:N ratios between June and 
August. As discussed earlier, spatial variability in fluvial concentrations of DOC and 
DON draining into our lagoon sites is also an important consideration. Since river 
discharge decreases substantially following the freshet, differences in the size and 
number of rivers draining into lagoons may have a strong effect on lagoon DOM pools 
over the summer. Inputs from coastal erosion and supra-permafrost groundwater (i.e., 
groundwater flow through the active layer above permafrost) represent another major, but 
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largely unstudied source of DOM to lagoons that may be influencing the quantities and 
composition of summer lagoon DOM as well (Ping et al., 2011; Connolly et al., 2019a).  
While we found similar S275-295 values between June and August (Table 2.1), there 
appears to be more variability in S275-295 values in estuarine lagoon waters than expected 
for a conservative mixture of fresh and marine water end-members (Figure 2.2). This 
demonstrates that DOM source/sink processes may also be affecting the observed 
quantities of lagoon DOC in the summer. It is well recognized that warmer temperatures 
that promote biological activity and intense photo-degradation over the summer reduces 
concentrations and alters the composition of DOM in Arctic surface waters (Spencer et 
al., 2009; Fichot and Benner, 2014; Cory et al., 2014). More specifically, Connelly et al. 
(2015) demonstrated that the composition of lagoon POM in August reflects consumer-
mediated transformations, which probably alters summer DOM as well. The wide range 
in our August S275-295 data indicates that photo-degradation, as well as mixing between 
highly photo-degraded DOM in marine water with unaltered terrestrial DOM, could be 
affecting lagoon DOM concentrations during the summer (Helms et al., 2008).  
In comparison to June and August, April results show that marine water that is 
inherently low in DOC concentrations, C:N ratios, and SUVA254 values replaces lagoon 
water from the previous spring/summer over the course of the winter (Table 2.1). The 
marked similarity between June and April DOM data in hypersaline lagoon waters 
indicates that in some cases, marine water from the winter remains in lagoons if late 
spring runoff is not strong enough to vertically mix the entire water column. We found 
marked differences in lagoon DOM variables between inside and outside lagoons sites, 
indicating that additional factors increase DOC concentrations and lower S275-295 values 
within lagoons relative to adjacent coastal waters (Table 2.1). This is also supported by 
similar patterns in the DOM data between the marine and hypersaline lagoon water end-
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members (Figure 2.2). The increases in DOC concentrations that we observed with 
salinity during the winter could be explained by two mechanisms: the introduction of new 
sources of DOM or pre-existing re-concentrated DOM. As ice forms over the winter, the 
process of water exclusion can re-concentrate DOM in the underlying lagoon water 
column (Macdonald and Yu, 2006). This process would be most evident in lagoons that 
already have high concentrations as winter approaches and/or experience little water 
exchange with the open ocean (thus promoting hypersalinity). While the build-up of river 
water could increase lagoon concentrations of DOC and DON prior to the winter (Cauwet 
and Sidorov, 1996; Kuzyk et al., 2008), we found different trends in DOC concentrations 
and C:N ratios between marine and hypersaline lagoon waters (Figures 2.2b,c, 2.3, and 
2.4a). This suggests that new internal sources of DOM are being added to lagoons over 
the winter. Inputs of regenerated DOM to lagoons from in situ degradation of POM could 
be one possible source. Connelly et al. (2015) found that these lagoons contain moderate 
amounts of POM in April, derived from spring/summer fluvial organic matter as well as 
from decomposing detritus, such as diatoms, dinoflagellates, and benthic invertebrates 
that thrive year-round (Schell et al., 1984; Dunton et al., 2006; Churchwell et al., 2015). 
Low dissolved oxygen levels were also found in April, suggesting that heterotrophic 
communities (metazoan and microbial) remain active beneath the ice despite freezing 
water temperatures and nutrient limitation (Darnis and Fortier, 2012; Nguyen et al., 2012; 
Connelly et al., 2015). The addition of regenerated DOM that contains higher proportions 
of DON relative to DOC likely result in higher DOC concentrations, but lower C:N ratios 
over the winter, with the strongest evidence appearing in isolated hypersaline lagoons. 
The observed trends in lagoon C:N over the winter could also arise from inputs of 
regenerated DOM as water circulates through decomposing POM in lagoon benthic 
sediments and detritus (Giblin et al., 1997; Joyce and Anderson, 2008). Several studies 
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have found that inorganic nitrogen builds-up beneath the ice within Arctic coastal 
systems due to the remineralization of organic matter and limited water movement 
(Cauwet and Sidorov, 1996; Hardison et al., 2017). High concentrations of ammonium 
have been observed in our lagoon sites in particular (Dunton and Crump, 2014). Thus the 
remineralization of organic material held in lagoon sediments is likely supplying DOM to 
the water column over the winter as well. Since organic matter in lagoon sediments 
probably shares similar POM sources as those found in the water column, then we would 
expect similar ratios of C:N from benthic inputs of DOM. The presence of regenerated 
DOM over the winter is supported by our trends in April S275-295, where we found higher 
S275-295 values inside lagoons compared to outside lagoon sites (Table 2.1). Likewise, we 
found higher S275-295 values in hypersaline waters in comparison to marine waters (Figure 
2.2d). These collective results indicate benthic-coupling within lagoons is strong over the 
winter, and may introduce processed DOM that contains higher proportions of low-
molecular weight compounds.  
Our PCA reveals that both mixing and processing effects account for the high 
percentage of variability in our lagoon DOM data explained by PC1 and PC2. The 
positive correlation between PC1 and high values of DOC, C:N, and SUVA254 is a strong 
indicator that PC1 represents the separation of allochthonous versus autochthonous-
derived DOM (Table 2.2; Figure 2.5). It is clear that low-salinity samples collected in 
June tend to have a strong positive relationship with allochthonous-derived DOM, 
supporting our conclusion that June lagoon DOM pools are being affected by runoff from 
the spring freshet and to a much lesser degree, by inputs from in situ primary production. 
Likewise, the wide range of points representing June samples on PC1 indicates that 
variations in riverine inputs to lagoons helps explain the spread in June DOC data. We 
see that some mid-salinity lagoon samples collected in August have a weak but positive 
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relationship with allochthonous-derived DOM, indicating that terrestrial inputs make up 
an important component of summer lagoon DOM pools as expected. On the other hand, 
the weaker relationship of August data on PC1 could arise from DOM derived from in 
situ primary production. Many mid-to-high salinity lagoon samples collected in August, 
and almost all samples collected in April, have a negative relationship with allochthonous 
DOM (or a positive relationship with autochthonous DOM). The transition on PC1, from 
low-salinity June lagoon waters containing allochthonous DOM to mid/high salinity 
August and April lagoon waters containing autochthonous DOM, demonstrates that 
mixing between these end-members explains the variability in DOM data represented by 
PC1. Given PC1 explains nearly half of the variability in our DOM data (Table 2.2), then 
mixing between freshwater and marine sources is clearly an important driver of seasonal 
variations in the quantities and composition of DOM. 
We see a strong positive correlation between PC2 and high values of S275-295, a 
weak positive correlation with high values of DOC and C:N, and a strong negative 
correlation with high values of SUVA254 (Table 2.2; Figure 2.5). These collective results 
suggest that variability explained by PC2 reflects mixing as well as processing effects on 
lagoon DOM pools. Both mixing and DOM transformation processes would be expected 
to change the molecular size and aromaticity of lagoon DOM. For instance, highly photo-
degraded and autochthonous-derived DOM typically corresponds to decreases in DOM 
molecular size and aromaticity, whereas allochthonous DOM typically contains high 
molecular weight, aromatic dominated compounds (Nelson et al., 2004; Retamal et al., 
2007; Helms et al., 2008; Spencer et al., 2009; Romera-Castillo et al., 2010). It is clear 
that low-salinity June samples tend to have a weak or no relationship on PC2, which is 
expected given lagoon spring DOM pools are primarily made up of land-derived inputs 
that have not been thoroughly mixed with marine water or degraded yet. The wide range 
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of DOM data on PC2 among August and April lagoon samples do not show any clear 
patterns with salinity, demonstrating that some degree of variability represented by PC2 
cannot be explained solely by simple conservative mixing of freshwater and marine end-
members. Photo- or consumer-mediated degradation of DOM and/or the introduction of 
regenerated forms of DOM in August and April (when river inputs are typically lower) 
could result in the observed range of DOM molecular sizes and aromatic compounds over 
the summer and winter periods. Given PC2 explains ~37 % of the variability in our DOM 
data (Table 2.2), then processing is another important factor driving seasonal variations in 
the quantities and composition of DOM. 
 
SUMMARY AND IMPLICATIONS FOR A CHANGING ARCTIC 
Nearshore estuaries in northern Alaska are well recognized as highly productive 
ecosystems throughout the year and yet, we know relatively little about seasonal 
variations in the amounts and sources of DOM that form the basis of this productivity. 
Here we investigated the seasonality of the quantities and composition of DOM within 
lagoon systems along the eastern Alaska Beaufort Sea coast in June (spring), August 
(summer), and April (winter). We found that the concentrations and sources of DOC vary 
strongly between the spring and winter periods. Shifts in lagoon DOM pools are tightly 
coupled to changes occurring at their land and ocean margins, including distinct seasonal 
transitions in runoff, ice coverage, and connectivity with the open ocean. Lagoon DOM 
in the spring is dominated by snowmelt-driven runoff from the North Slope of Alaska. 
Interestingly, low-salinity lagoon waters still exhibit a high degree of variability in DOC 
concentrations and C:N ratios in the late spring, which may be due to spatial differences 
in riverine DOM fluxes across lagoon domains. The wide range of lagoon DOM 
quantities in the summer is driven primarily by variability in the mixture of land-derived 
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freshwater and marine sources, but processing effects (such as biological and photo-
degradation) may also be important and require further consideration. Lagoon DOM is 
typically lower during the winter since lagoons contain predominantly marine water, but 
there is strong evidence that regenerated forms of DOM from in situ production are 
important during this time. Overall this study provides critical baseline understanding of 
seasonal changes in DOM as a resource supporting biological production, which is 
inherently linked to local food web dynamics and the cycling of carbon and nitrogen in 
coastal lagoon ecosystems in northern Alaska. This information is essential to assess 
responses to and feedbacks with the immediate threats of Arctic warming. 
Arctic estuaries are especially vulnerable to climate change impacts given their 
unique position between changes that are already occurring at their land and ocean 
margins. Many of these impacts are associated with shifts in the timing and magnitude of 
river discharge and sea-ice coverage as well as the release of organic matter as permafrost 
thaws. Air temperatures are rising in the Arctic, leading to an increase in annual river 
discharge from Alaska’s North Slope (Peterson et al., 2006). The timing of peak freshet 
discharge is occurring earlier in the spring (McClelland et al., 2006). Sea-ice extent 
during the summer is decreasing across the Arctic, causing the duration of the open water 
period to increase (Parkinson et al., 1999; Zhang et al., 2000; Yang et al., 2002; Hinzman 
et al., 2005; Stroeve et al., 2008). Lastly, major shifts in surface and subsurface 
hydrology as permafrost thaws are anticipated to alter the movement of nutrients and 
organic matter from land to Arctic coastal waters (Frey and McClelland, 2009).  
These collective climate-linked impacts will undoubtedly impart numerous, 
seasonally-distinct, effects on nearshore lagoon ecosystems in northern Alaska. Since 
many lagoon systems are coupled to small watersheds that drain organic-rich coastal 
plain terrain, we anticipate that increases in the export of land-derived DOM from rivers, 
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groundwater, and coastal erosion will provide a greater source of energy supporting 
lagoon food webs during the spring and summer (McClelland et al., 2014; Harris et al., 
2018; Connolly et al., 2019a). However, the degradation of this DOM will undoubtedly 
increase CO2 release from lagoon systems, possibly constituting a positive feedback to 
climate change. If the timing of sea ice break-up shifts to earlier in the year, lower 
incident light levels may decrease the magnitude of the spring phytoplankton bloom, but 
promote longer periods of uptake and cause inorganic nutrients to become less available 
for summertime biological activity. If the freshet occurs much earlier than sea ice break-
up in the future, nutrient-rich waters that accumulated over the winter may be flushed 
from lagoons and replaced with nutrient-poor river water. This could cause a widespread 
decrease in peak primary production within nearshore lagoons as sea ice retreats. These 
effects may be counteracted by enhanced mineralization of land-derived DOM into 
inorganic nutrients, but potential increases in sediment loads would likely decrease light 
attenuation and limit primary production. Lastly, projected increases in storm frequency 
and intensity during a longer open water period will facilitate greater exchange of marine 
water into and out of lagoons over the summer (Hinzman et al., 2015), which may 
increase the availability DOM and nutrients for biological production in waters of the 
inner Beaufort Sea shelf, but decrease the availability of DOM and nutrients in lagoon 
ecosystems. The synergy of these climate-driven impacts on lagoon ecosystems is 
unclear. Additional studies are needed with a strong sense of urgency to understand their 
immediate compounding effects and future feedbacks. 
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Table 2.1. Seasonal changes in salinity and DOM values from inside and outside the lagoon sites. Values are ± 1 standard 
error. Numbers in parentheses reflect sample size (n). Seasonal values that share a different lower-case letter are 
significantly different within inside and outside lagoon groups. Values that are bolded are significantly different 
between inside and outside lagoon groups for the same season. A threshold of α = 0.05 was used for pair-wise 
comparisons. 




(L mg C-1 m-1) 
S275-295 
(×10-3 nm-1) 
Inside Lagoons      
June  14.8 ± 2.8 (39) a 195 ± 11 (38) a 25.8 ± 2.0 (32) a 3.56 ± 0.12 (33) a 13.7 ± 0.22 (33) a 
August 21.7 ± 0.6 (90) b 130 ± 6.1 (68) b 18.1 ± 0.8 (67) b  2.86 ± 0.13 (50) b 14.7 ± 0.58 (50) a 
April  37.1 ± 0.8 (30) c 117 ± 4.9 (28) b 16.3 ± 1.5 (26) c 2.25 ± 0.15 (26) c 16.6 ± 0.89 (26) b 
Outside Lagoons      
June  7.6 ± 3.6 (5) a 222 ± 20 (5) a 36.1 ± 4.7 (5) a 3.56 ± 0.12 (4) a 14.0 ± 0.39 (4) a 
August  25.4 ± 0.8 (32) b 90.3 ± 3.6 (22) b 16.6 ± 1.6 (22) b 2.34 ± 0.20 (11) b 15.8 ± 1.9 (11) ab 
April  31.1  ± 0.2 (4) b 80.3 ± 2.2 (4) b 15.1 ± 1.9 (3) b 1.95 ± 0.23 (4) b 10.6 ± 0.47 (4) ac 
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Table 2.2. Principal Components Analysis scores of the first two principal components 
(PC1 and PC2) using lagoon DOC concentration, C:N, SUVA254, and S275-
295 data. The % variances explained by PC1 and PC2 are indicated. 
Variables PC1 PC2 
DOC (µM) 0.643  0.208 
C:N (molar ratio) 0.631 0.274 
SUVA254 (L mg C−1 m−1) 0.427 −0.581 
S275-295 (×10−1 nm−1) −0.078 0.738 
% of variance 43.6 38.8 
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Figure 2.1. Map of the inside (circles) and outside (squares) lagoon study sites along the 
eastern Alaska Beaufort coast visited during April, June, and August 
between 2011 and 2013. 
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Figure 2.2. Boxplots of (a) DOC concentration, (b) C:N molar ratios (c), SUVA254, and 
(d) S275-295 values of lagoon samples collected in this study grouped by the 
following salinity bins: fresh (0–5), estuarine (6–30), marine (31–33), and 
hypersaline (34–44). Groups that share a letter are not significantly different 
(α = 0.05). Whiskers extending from the hinge to the highest or lowest value 
are within 1.5 × the inter-quartile range of the hinge. Data points beyond the 
end of the whiskers are outliers as specified by Tukey. Hollow squares 




Figure 2.3. Concentrations of lagoon DOC and their respective salinity values from water 
samples collected during June (teal), August (black), and April (red) for all 
sites visited between 2011 and 2013. The dashed gray line indicates the 
salinity of the polar mixed layer, which represents the open ocean salinity 



















Figure 2.4. Lagoon (a) C:N, (b) SUVA254, and (c) S275-295 values plotted against their 
measured salinity values from water samples collected during June (teal), 
August (black), and April (red) for all sites visited between 2011–2013. The 
dashed line indicates polar mixed layer salinity. 
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Figure 2.5. Principal Components Analysis of lagoon water DOM variables: DOC 
concentration, C:N ratios, and CDOM compositional parameters, SUVA254 
and S275-295. Data points grouped by month are represented by different 
shapes (June = circles; August = squares; April = triangles) and shaded 




Chapter 3: Groundwater as a major source of dissolved organic matter 
to Arctic coastal waters  
ABSTRACT 
Groundwater is projected to become an increasing source of freshwater and 
nutrients to the Arctic Ocean as permafrost thaws, yet few studies have attempted to 
quantify groundwater inputs to Arctic coastal waters under contemporary conditions. 
New measurements along the Alaska Beaufort Sea coast show that dissolved organic 
carbon and nitrogen (DOC and DON) concentrations in supra-permafrost groundwater 
(SPGW) near the land-sea interface are up to two orders of magnitude higher than in 
rivers. This groundwater dissolved organic matter (DOM) is sourced from readily 
leachable organic matter held in surface soils as well as deeper centuries- to millennia-old 
soils that extend into thawing permafrost. SPGW delivers upwards of 2,128 m3 of 
freshwater, 70.6 kg of DOC, and 4.3 kg of DON to the coastal ocean per km of shoreline 
per day during late summer. This study provides novel estimates of SPGW DOM fluxes 
to Arctic coastal waters. These fluxes are substantial under contemporary conditions, and 
are expected to increase as massive stocks of trapped organic matter in permafrost are 
liberated in a warming Arctic.  
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INTRODUCTION 
Groundwater is the largest active reservoir in the global hydrologic cycle and its 
movement from land to sea represents a major source of freshwater and nutrients for 
coastal ecological and biogeochemical processes (Moore, 2010). However, there is little 
information on direct groundwater nutrient export from watersheds to the coastal ocean in 
the Arctic (Lecher, 2017). This is partly because of a perception that permafrost 
constrains water to surface flow paths on land in northern high-latitude coastal regions. 
Supra-permafrost groundwater (SPGW) does, however, flow through seasonally thawed 
active layer soils (surficial soils above permafrost) during the summer and early fall 
periods (Romanovsky and Osterkamp, 2000; Walvoord and Striegl, 2007). Thus SPGW 
may potentially deliver appreciable quantities of terrestrially-derived nutrients to Arctic 
coastal waters. SPGW is firmly separated from sub-permafrost groundwater, which flows 
beneath several hundred meters of permafrost on the Arctic coastal plain (Jorgenson et 
al., 2008; Kane et al., 2013) and is therefore not a major component of groundwater at the 
coastal land-sea interface. In other words, SPGW is the principal form of land-derived 
groundwater entering nearshore coastal waters in the Arctic.  
In the Arctic, SPGW flow and material transport from soils are tightly coupled 
because soil-water interactions are largely confined to the shallow (typically < 1 m), but 
laterally extensive and highly permeable active layer (Kling et al, 1991; Kling, 1995; 
Neilson et al., 2018). Primary productivity exceeds soil decomposition rates in northern 
high-latitude permafrost landscapes, leading to soils that contain high amounts of organic 
matter and with a high capacity to release dissolved organic matter (DOM) to aquatic 
systems (Judd and Kling, 2002). DOM production and export is highest during the spring 
(May to June) when the thawed portion of the active layer is shallow and water flow is 
confined to near surface organic-rich soils and overlying litter layers (Guo and 
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Macdonald, 2006; Spencer et al., 2008; Khosh et al., 2017; Lehn et al., 2017). Peak 
runoff during the spring facilitates the export of large amounts of DOM via surface 
waters, which accounts for the majority (up to 75 %) of annual riverine fluxes of DOM to 
the Arctic Ocean (Finlay et al., 2006; McClelland et al., 2006; Townsend-Small et al., 
2011; Holmes et al., 2012; McClelland et al., 2014). Terrestrial DOM production and 
export is lower during the summer (July to October) when active layer thaw exposes 
deeper soil horizons and groundwater recharged from local rainfall and melting ground 
ice saturates higher proportions of mineral soils (McNamara et al., 1997; MacLean et al., 
1999; Petrone et al., 2006). For these reasons, concerted efforts have been made over the 
past decade to improve understanding of SPGW connectivity to inland waters across the 
pan-Arctic domain. These studies reveal that groundwater processes within the active 
layer govern the summer transfer of organic and inorganic nutrients from land to streams 
and therefore provide a control for riverine export of DOM to the coastal ocean (Striegl et 
al., 2005; Walvoord and Striegl, 2007; O’Donnell et al., 2012; Neilson et al., 2018). 
In contrast, very few studies have focused on the role that groundwater plays in 
the direct transfer of organic matter and inorganic nutrients from land to the coastal ocean 
in the Arctic (Lecher, 2017). Estimates of groundwater inputs to the coastal ocean are 
needed to support a more complete understanding of what fuels biological production and 
biogeochemical cycling in Arctic coastal waters. Climate change adds some urgency to 
this need since warming is increasing groundwater discharge across circumpolar regions 
(Smith et al., 2007; St. Jacques and Sauchyn, 2009; Walvoord et al., 2012), enhancing 
organic matter decomposition in the active layer, and liberating globally significant stores 
of organic matter held in northern high-latitude soils and permafrost (Tarnocai et al., 
2009; Frey and McClelland, 2009; Schuur et al., 2013; Hugelius et al., 2014; Schädel et 
al., 2016). This is concerning from a climate feedback perspective because the 
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reintroduction of permafrost-derived organic matter to the contemporary global carbon 
cycle constitutes a positive feedback to warming (Schuur et al., 2015; Spencer et al., 
2015; Drake et al., 2015; Ward and Cory, 2015; Vonk et al., 2015). A baseline 
understanding of how groundwater mobilizes organic matter held in coastal soils and 
permafrost in the Arctic is missing. This needs to be filled in order to predict responses to 
and feedbacks with climate change. 
This study examines the leaching potential of DOM, which is reported herein as 
dissolved organic carbon and nitrogen (DOC and DON), from nearshore Arctic soils and 
quantifies inputs of SPGW DOM to coastal waters of the eastern Alaska Beaufort Sea. 
We first determined the relationship between soil organic carbon (SOC) and nitrogen 
(SON) contents residing in different active layer and permafrost soil horizons along the 
coast and the production and leaching potential of DOM from this soil organic matter 
(SOM). We then determined the relationship between leachable DOM sources and direct 
SPGW DOM inputs using radiocarbon (14C) data from SPGW DOM and leachable soil-
DOM samples. Lastly, we estimated DOM fluxes using average concentrations of SPGW 
DOC and DON paired with groundwater discharge estimates that were derived from a 
steady-state excess radon (222Rn) mass balance model (Dimova and Burnett, 2011; 
Dimova et al., 2013, 2015; Appendix C). Data from groundwater and nearby river water 
were used to compare SPGW and riverine inputs to the Alaska Beaufort Sea coast. To the 
best of our knowledge this is the first study to quantify fluxes and sources of DOM in 
direct SPGW inputs to Arctic coastal waters. 
Field measurements and sample collection were conducted in mid-to-late August 
2014, 2015, and 2017. We sampled four soil horizons (0–5 cm, 15–20 cm, 30–40 cm, and 
5–10 cm below the permafrost frozen boundary) at three sites on the landward sides of 
Kaktovik and Jago Lagoons on the eastern Alaska Beaufort Sea coast (red circles in 
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Figure 3.1). Thaw depths (the depth of the ice table) at the soil collection sites were 40 
cm, 53 cm, and 54 cm, meaning permafrost was sampled at respective depths of 
approximately 45–50 cm, 58–63 cm, and 59–64 cm. Soil-DOM leaching experiments 
were conducted by mixing bulk soils with a 0.001 N NaHCO3 Milli-Q solution 
(Wickland et al., 2007) for 24 hours at 4 ºC and then filtering leachate through a 0.7-µm 
glass fiber filter (pre-combusted at 450 °C > 5 hrs). 222Rn activity was measured 
concurrently in lagoon water, SPGW, and lagoon benthic sediments as components of the 
mass-balance model. SPGW was sampled using piezometers installed to permafrost on 
the beach of Kaktovik and Jago Lagoons (yellow stars in Figure 3.1). River water data 
was collected previously from the Hulahula, Okpilak, and Jago Rivers for comparison 
(blue circles in Figure 3.1). 
 
MATERIALS AND METHODS 
Water Sampling 
SPGW DOM samples were collected along the landward sides of Kaktovik 
Lagoon on 16–17 August 2014 (n = 10) and 8–12 August 2015 (n = 10), and then along 
Jago Lagoon on 17 August 2017 (n = 15). In total, 35 groundwater DOM samples were 
collected during the study period. SPGW was extracted using piezometer wells that were 
installed to the depth of frozen ground (~1 m) running parallel to the shoreline. Samples 
from these piezometers capture groundwater that has moved through the active layer to 
the lagoons without becoming channelized surface-water flow. Some samples were also 
collected along a transect running from the beach to ~50 m inland as well as from 
groundwater springs that emerge on the beach as small surface water streams in order to 
capture SPGW in transit to the coast. Groundwater was collected using a peristaltic-pump 
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system attached with acid washed and Milli-Q rinsed Master-Flex tubing. Groundwater 
was pumped until clear water was flowing and then filtered through a 0.45 µm GeoTech 
membrane capsule directly into acid washed and Milli-Q rinsed high-density 
polyethylene (HDPE) or polycarbonate bottles. Samples were transported in a cooler to 
the U.S. Fish & Wildlife Arctic National Wildlife Refuge (ANWR) facilities in Kaktovik, 
Alaska where they were stored frozen until analysis. River water DOM samples were 
collected previously in August 2011 and 2012 with a similar sampling procedure. SPGW 
and lagoon water 222Rn samples were collected with widely used procedures (Dimova and 
Burnett, 2011; Dimova et al., 2013, 2015). Four discrete groundwater 222Rn samples were 
collected along a transect from the beach to the tundra surface at the Kaktovik Lagoon 
site on 12 August 2015. These included three SPGW samples from piezometers and one 
from a small groundwater-fed stream. Lagoon water 222Rn samples were collected from 
the interior and perimeter areas of Kaktovik Lagoon using a submersible pump deployed 
near the lagoon bottom on 21 and 22 August 2017. The water was directly pumped into a 
degassing chamber connected to three radon-in-air gas analyzers (Durridge RAD7 
connected to the RAD-AQUA module) which analyzed the samples in sequence every 10 
minutes over a 30 minute cycle, i.e., each RAD7 measured 222Rn every 30 minutes. This 
work was conducted over two consecutive days in order to sample the entire lagoon. 
 
Soil and Lagoon Sediment Sampling 
Three soil cores that include the seasonally thawed active layer and shallow 
permafrost were collected within high-centered polygons (the primary surface type) on 
the landward sides of Kaktovik Lagoon on 9 August 2015 and Jago Lagoon on 8–9 
August 2016 for bulk SOM measurements. At all three sampling sites, we observed a 
general transition of soil type with depth from organic-rich peat and litter at the surface 
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(~0–10 cm), to more mineral-like soil (~10–20 cm), to a mixture of peat and muck (~20 
cm to frozen ground), and to largely muck below frozen ground. Soil samples were 
collected by hand at four depths: surface–5 cm, 15–20 cm, 30–40 cm, and at 5–10 cm 
below the ice table. These soil increments were chosen in order to gain a wide range of 
soil types and depths within the active layer and shallow permafrost where changes in 
organic matter quantity and age are anticipated. Bulk soils were placed into whirl-packs, 
stored frozen at the ANWR facility, and taken back to the University of Texas at Austin, 
Marine Science Institute (UTMSI) for soil-water leaching experiments and chemical 
analysis. Seven benthic sediment samples were collected from the interior and perimeter 
areas of Kaktovik Lagoon on 23 August 2017 for 222Rn activity measurements. Bulk 
sediments were placed in plastic Ziploc bags, dried, and stored at the University of Texas 
at Austin until 222Rn analysis. 
 
Soil-water Leaching Experiments 
Soil samples (> 300 g frozen) were allowed to thaw in a refrigerator (4 °C) until 
the soils appeared moist, but not dripping with water (at most 24 hours). Thawed soils of 
the same type were then placed on combusted aluminum foil (550 °C for 1 hour) and 
gently homogenized. Care was taken to maintain common soil features and to ensure the 
sample remained close to its natural condition. This also included removing large roots 
and anomalous material not representative of the soil horizon. Three subsamples were 
collected to obtain an average wet weight: dry weight ratio. Subsamples were dried in an 
oven at 60 °C for 24 hours. Thawed soils were kept in the refrigerator for a total of 48 
hours before leaching. Sample wet weight: dry weight ratios were used to calculate the 
equivalent of 35 g of dry soil. Field-moist soils were then placed in a combusted glass 
beaker with 500 mL of a 0.001 N NaHCO3 Nanopure solution (> 18.0 Ω-cm), which was 
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used to buffer changes in pH and mimic the natural ionic strength of water in natural 
systems (Wickland et al., 2007). The wet soil: solution ratio of the leaching experiments 
ranged from ~1:10 to 1:4. The yields of DOC per g soil were similar between these soil: 
solution ratios in a study that took a more rapid leaching approach (Dou et al., 2008). We 
expect no bias in our results related to differences in soil: solution ratios since our 
leaching experiments were conducted for a longer period of time. The beakers were 
covered with combusted aluminum foil and stored in a refrigerator at 4 °C. Beakers were 
shaken intermittently during a 24 hour incubation period to simulate groundwater flow 
through the soil profile. Following, the soil-water was filtered through a combusted glass 
filtration system holding a combusted 0.7 µm glass fiber filter. The filtrate was then 
dispensed into acid washed and Milli-Q rinsed polycarbonate bottles and stored frozen 
until DOC and DON concentration and DO14C analysis. Bulk soils were stored in a 
drying oven (60 °C) for several weeks before they were finely ground using a mortar and 
pestle. Ground soil samples went through a vapor fumigation acid/base treatment step to 
remove inorganic carbon. This step involved storing soil samples in a vacuum-sealed 
desiccator in a drying oven (60 °C) with a beaker of concentrated HCl for 24 hours. Soil 
samples were then removed and placed in another vacuum-sealed desiccator with a dish 
of NaOH pellets, and again stored in a drying oven at 60 °C for another 24 hours. This 
latter step was conducted to neutralize excess HCl that was not absorbed by the sample. 
 
Chemical and Tracer Data Collection and Analysis 
Concentrations of DOC and total dissolved nitrogen (TDN) were determined 
using high-temperature oxidation performed on a Shimadzu TOC analyzer fitted with a 
total nitrogen module for chemiluminescence detection of nitrogen. Inorganic nitrogen 
(NO3− and NH4+) was analyzed on a Seal-QuAAtro inorganic nutrient analyzer. 
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Concentrations of DON were calculated from TDN minus NO3− plus NH4+. NO3− 
measurements made on the Seal-QuAAtro are the equivalent to NO3− plus NO2−. All 35 
groundwater samples were measured for DOC, whereas the 20 samples collected in 2014 
and 2015 were measured for DON. Riverine DOC and DON concentrations near 
Kaktovik Lagoon were estimated using the average of samples collected in August 2011 
from the Hulahula (n = 1), Jago (n = 1), and Okpilak (n = 2) rivers in Connolly et al. 
(2018). For the Okpilak River, two samples were averaged prior. Collective riverine 
DOC and DON concentrations for the entire North Slope of Alaska were estimated using 
the average of data from the Turner (n = 1), Okpilak (n =4), Hulahula (n = 1), Jago (n = 
1), Canning (n = 1), Kuparuk (n =5), Sagavanirktok (n =5), and Colville (n = 3) rivers 
between July and the end of September 2006–2012 from data in Connolly et al. (2018). 
We analyzed DO14C on SPGW samples collected at three individual locations in 
August 2015. A single river water composite sample was formed from equal amounts of 
water collected in August 2011 from the Hulahula, Okpilak, and Jago rivers for DO14C 
analysis. DOC concentrations are similar enough between river sites that we do not 
suspect any individual river disproportionately affected the collective DO14C age. DOC 
samples were prepared for 14C analysis using the UV-oxidation method (Beaupré et al., 
2007) at the Woods Hole Oceanographic Institution, National Ocean Sciences 
Accelerator Mass Spectrometry facility (WHOI/NOSAMS). Sample water was diluted 
with pre-treated UV-oxidized nanopure water (to bring the total volume up to 1 L) and 
placed in a quartz reactor. The combined sample water plus treated nanopure water 
solution was acidified with 35 g of ultra-high purity (UHP), UV-treated full strength 
phosphoric acid and then purged with UHP nitrogen gas to remove any inorganic carbon. 
Pure UHP O2 was subsequently sparged through the system to provide an oxidant for the 
UV-oxidation of DOC. The sample was then oxidized with UV and the resulting CO2 
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was transferred to a vacuum line and cryogenically purified. Purified CO2 gas samples 
were converted to graphite targets by reducing CO2 with an iron catalyst under 1 atm H2 
at 550°C. Bulk soil samples were also high-temperature combusted using an Elementar el 
Vario Cube C/N analyzer. Bulk soil % C and % N were quantified during this step. The 
resulting CO2 was transferred to a vacuum line and cryogenically purified. The purified 
CO2 gas samples (soil C) were converted to graphite targets using a closed-tube Zn 
reduction CO2 graphitization method (Xu et al., 2007). Targets were subsequently 
analyzed for stable and radiocarbon isotopes (δ13C ‰ and 14C as fraction modern 
carbon). All Δ14C data (in ‰) were corrected for isotopic fraction using measured δ13C 
values that were quantified during the 14C-AMS procedure. We measured δ13C in these 
samples separately on a VG Prism Stable Mass Spectrometer at NOSAMS. Δ14C and 
radiocarbon age were determined from percent modern carbon using the year of sample 
analysis according to Stuiver and Polach, (1997). 
Underway boat-based 222Rn measurements were made around Kaktovik Lagoon 
using a circuit of three RAD7 Radon-in-air monitors (Durridge Co., Inc.) connected to a 
RAD AQUA device following procedures outlined in Dimova and Burnett (2011) and 
Dimova et al. (2013). The survey started after the system reached full gas/radioactive 
equilibrium. Measurements at ~1 m depth from the lagoon bottom were made in survey 
mode while driving a small inflatable boat around the lagoon. To optimize spatial 
resolution, the three RAD7 units analyzed samples staggered with 15-min intervals with 
water pumping at flow rates > 6 L min-1. 222Rn concentrations shown at each location in 
Figure C.1 represent an average of a continuous measurement made along some distance 
traveled before each RAD7 instrument calculated the average. 222Rn concentrations in 
SPGW samples were collected using the Wat-250 ml protocol (RAD AQUA). 222Rn 
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production measurements were conducted with dry lagoon sediments (ranging from 328 
to 546 g) using a RAD bulk emissions chamber and methods outlined in the user manual. 
 
Estimation of Groundwater Fluxes using 222Rn 
Total groundwater discharge was calculated using a steady-state excess 222Rn 
mass balance model as described in Dimova and Burnett (2011) and Dimova et al. 
(2013). It is important to note that there are several primary assumptions of the model: (1) 
lagoon 222Rn used for the calculation reflects the lagoon average concentrations over days 
to weeks; (2) the only significant 222Rn source is from the tundra active layer and lagoon 
benthic sediments, and does not include water that enters the lagoon via river inputs; and 
(3) the only losses of 222Rn are due to decay and atmospheric evasion. In addition, we 
assume marine inputs do not affect the 222Rn inventory in Kaktovik Lagoon since there is 
very little water exchange with the Beaufort Sea and lagoon water residence time is long 
during the summer (weeks to months) in comparison to the decay rate of 222Rn (3.8 d). 
The mass-balance model incorporates various end members that include data measured 
directly by this study as well as data acquired elsewhere. Minor assumptions regarding 
this data are outlined in Appendix C. SPGW 222Rn concentration was estimated from the 
average of three collected samples (223 ± 20 Bq/m3), while lagoon 222Rn was estimated 
from the average of data collected across two surveys (32.4 ± 3.85 Bq/m3). 222Rn 
production was measured from dry lagoon sediments and then converted to estimates of 
222Rn in pore water (2,932 ± 650 Bq/m3). Calculations regarding this conversion can be 
found in Appendix C. Standard errors in these values reflect variability in concentrations 
between samples as opposed to analytical uncertainty. A description of the uncertainty in 
our groundwater discharge estimate can be found in Appendix C. We did not measure 
226Ra in this study, but rather used estimates from Elson Lagoon in Dimova et al. (2015). 
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Therefore we also assume that the 226Ra concentration between these lagoons is the same. 
Total groundwater 222Rn input was estimated using an iterative approach that accounts for 
the 222Rn flux from lagoon sediments, atmospheric losses (using wind speed and water 
temperature data), and the introduction of 222Rn through the decay of 226Ra in the lagoon. 
 
RESULTS AND DISCUSSION 
We found that active layer and shallow permafrost soils along the eastern Alaska 
Beaufort Sea coast contain high amounts of SOM and produce large quantities of readily 
leachable DOM. The highest SOM content (% C) was observed within surface soils 
(which includes the litter layer) between 0–5 cm (Table 3.1). The amount of SOM 
decreased at 15–20 cm, but increased again in deeper soils between 30–40 cm and in 
thawed permafrost samples (Table 3.1). We found a similar pattern in the release of 
DOM from these soil layers, where surface soils and thawed permafrost tend to have the 
highest production (mg DOC g soil-1) and carbon-normalized leaching potential (mg 
DOC g soil C-1) of DOM (Table 3.1). These results demonstrate that only a small amount 
of coastal soil is needed to rapidly produce high concentrations of DOC and DON. 
Interestingly, there are some notable offsets between our SOM content and leachable 
DOM values. The leaching potential of DON in surface soils is lower than DOC. 
Likewise, the production and leaching potential of DOC and DON in deeper active layer 
soils (30–40 cm) are relatively low given their high SOC and SON contents. However, 
the production and leaching potential of DOC and DON in thawed permafrost samples is 
relatively high given their more intermediate SOC and SON contents.  
These observations are consistent with the notion that soils in northern high-
latitude permafrost landscapes contain large amounts of leachable organic matter that can 
be exported to aquatic systems (Judd and Kling, 2002). Previous studies have 
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demonstrated DOM export is highest from litter layers and organic-rich soils near the 
surface (< 5 cm) because SOM from these horizons experienced little decomposition and 
fewer leaching events (Guo and Macdonald, 2006; Wickland et al., 2007; Shaver et al., 
2014). On the other hand, lower DOM export is expected in deeper, more mineral-rich, 
soil horizons (> 20 cm) because these soils have faced more leaching events, enhanced 
microbial mineralization over time, and are more stable because of mineral particle 
adsorption of DOM (Gersper et al., 1980; McNamara et al., 1997; Mack et al., 2004; 
Petrone et al., 2006; Guo et al., 2007; Barnes et al., 2018). While our results from the 
upper most soil horizons (organic rich) and the next deepest layer (lower organic matter 
content) are consistent with these other studies, increases in organic matter content 
farther down the soil profile suggest that cryoturbation (i.e., mixing of the active layer 
and previously thawed permafrost), leaching, and/or decomposition processes concentrate 
organic matter near the permafrost boundary. Our results from frozen permafrost samples 
are consistent with a number of other studies demonstrating that permafrost contains 
considerable amounts of readily leachable organic matter and releases high 
concentrations of DOC and DON upon thaw (Douglas et al., 2011; Vonk et al., 2013a, 
2013b; Abbott et al., 2014; Abbott et al., 2015; Mann et al., 2015; Fritz et al., 2015; 
Tanski et al., 2016). This is in part because permafrost can contain processed leachates 
and soils that have been well-preserved and frozen for millennia before thawing (Abbott 
et al., 2014). Patterns in SOC and leachable soil DOC from coastal soils of Elson Lagoon 
near Utqiagvik (formerly known as Barrow) on the western side of the Alaska Beaufort 
Sea may provide the best opportunity for comparison (Dou et al., 2008). Our trends are 
markedly similar to those found in Dou et al. (2008), which show that DOC yield is 
highest in the organic-rich surface layer (0–5 cm), lowest in more mineral-like horizons 
(5–20 cm), but increase in deeper active layer soils (20–50 cm) and shallow permafrost 
 69 
(50–75 cm). While it is challenging to compare the magnitude of leachable DOM 
produced between our two studies because of differences in experimental design, Dou et 
al. (2008) also found that active layer and shallow permafrost soils rapidly produce high 
concentrations of DOC and DON. Overall convergence of our findings provides evidence 
that coastal soils produce large amounts of readily leachable DOM that can be exported 
to lagoons in northern Alaska during late summer. 
Our analysis of 14C-DOC data reveals that SPGW DOC entering lagoons along 
the eastern Alaska Beaufort Sea coast is sourced from a combination of surface soils that 
contain freshly produced organic carbon and deeper soil horizons that may extend into 
thawing permafrost (Table 3.2). 14C-SOC age increased from modern (i.e., the time 
period between present day and 1950) near the land surface to ~5,400 years before 
present (yBP; i.e., before 1950) below the permafrost boundary (Table 3.2). Likewise, 
leachable soil 14C-DOC age increased from modern to ~3,700 yBP with depth in the 
permafrost samples. Interestingly, there is a consistent offset between the 14C ages of 
bulk SOC and leached DOC below the surface (> 5 cm), indicating that the fraction of 
readily leachable SOC is younger than the fraction of stable SOC in these deeper soil 
horizons. This supports the idea that a portion of older SOM is protected from leaching, 
for instance, by strong organo-mineral associations (Petrone et al., 2006). We found that 
groundwater has a 14C-DOC age of ~1,300 yBP (Table 3.2). In comparison to our 14C-
SOC and soil leachate 14C-DOC data, it is clear that SPGW DOM must be derived from a 
combination of organic-rich surface soils and deeper soil horizons. To further consider 
the potential sources of leachate DOM in SPGW, we used our experimental leaching 
results and Δ14C data to estimate the percent contributions of each soil-DOM source and 
the expected 14C-DOC age. Here we assume that SPGW receives DOM inputs from each 
soil horizon that is proportional to their amount of leachable soil-DOM (i.e., mg DOC g 
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soil−1 data in Table 3.1). We then weighed these proportions by each soil horizon 
thickness (described in the Materials and Methods section). If we consider SPGW DOM 
is sourced only from within the active layer, we estimate that surface organic soils 
contribute the highest proportion of leachable DOM to SPGW (56 ± 11 %; ca. from 0–5 
cm), followed by deeper active layer soils above permafrost (38 ± 12 %; ca. from 30–40 
cm), and mineral-like soils directly below the surface horizon (6  ± 2 %; ca. from 15–20 
cm). The expected Δ14C-DOC value and age of these collective inputs is –129 ± 30 ‰ 
and 1,040 yBP, respectively, which is younger (but within error) of the observed 14C-
DOC age of SPGW (Table 3.2). If we consider permafrost contributes a small amount of 
DOM, then these proportions change slightly (Figure 3.2), where 9 % of SPGW DOM is 
now derived from shallow permafrost (ca. using a 5 cm thickness). The expected Δ14C-
DOC value and age with permafrost included is –153 ± 21 ‰ and 1,270 yBP, 
respectively, which is closer to the observed 14C-DOC age of SPGW. However, given the 
14C-SOC ages of the 30–40 cm and permafrost sections are markedly similar, these 
collective deeper soils represent a transition zone of “peri-permafrost” that likely 
experience a range of thaw conditions (from annual to less frequent) near the permafrost-
active layer boundary. Although we oversimplify the factors affecting inputs of DOM 
from different soil types (e.g., horizon thickness), this exercise reinforces the idea that a 
significant fraction of SPGW DOM is derived from deeper soil layers. 
It is important to note that groundwater flowing through the active layer of high-
centered polygons travels relatively slowly (~1 to 10 cm day−1; Wales et al., 2019), with 
shorter expected residence travel times during and following rain events and as SPGW 
experiences steeper hydraulic gradients near the coastal bluff. Thus SPGW likely travels 
from its source to lagoons on the order of months to years, which indicates that our 
groundwater 14C-DOC age of thousands of years reflects the 14C age of the soil source of 
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the leached DOC rather than the time since the leached soil DOC formed. That said, δ13C 
values were lower, while C:N ratios were higher in soil leachate DOM samples compared 
to SPGW DOM (Table 3.2). This provides evidence that microbial processing may cause 
a small change in 14C-DOC age between newly leached soil DOM and SPGW DOM 
entering Arctic coastal waters  
Measurements of DOC and DON demonstrate that SPGW supplies highly 
concentrated inputs of DOM to Arctic coastal waters during late summer (Figure 3.2). 
Average SPGW DOC and DON concentrations including all collected data (n = 35) are 
33.2 ± 1.8 mg DOC L-1 and 2.0 ± 0.1 mg DON L-1. Our SPGW DOC concentration is 
over an order of magnitude greater than a recent estimate of the global average DOC 
concentration in groundwater aquifers from 15 countries and 4 continents at lower 
latitudes (2.7 mg DOC L-1) (McDonough et al., 2018). 
Results from a 222Rn mass-balance model demonstrate that total groundwater 
discharge to Arctic lagoons is significant during the late summer. Naturally occurring 
222Rn (t1/2 = 3.8 d) is recognized as a valuable geochemical tracer of water flow through 
rocks and soil/sediments and thus serves a useful tool for quantifying submarine 
groundwater discharge (Moore, 2010). A caveat of this approach is that submarine 
groundwater discharge estimates do not differentiate terrestrial and marine inputs, i.e., 
porewater circulating through and discharged from lagoon benthic sediments. We found 
that 222Rn concentrations in Kaktovik Lagoon were 32.4 ± 3.9 Bq/m3 (Figure C.1); from 
three samples, the average SPGW 222Rn concentration is 223 ± 20 Bq/m3. Total 
groundwater inputs (from land and benthic circulation) to Kaktovik Lagoon is an 
estimated 8.6 × 105 m3 day-1 or 42.6 m3 day-1 m-1 (~20 km of shoreline representing the 
lagoon perimeter). These values are similar in magnitude to previously reported values of 
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18 ± 10 Bq/m3 222Rn concentration and discharge of 12 ± 4 m3 day-1 m-1 (assuming ~10 
km shoreline perimeter) in Elson Lagoon (Dimova et al., 2015; Lecher, 2017).  
While the role of groundwater in the coastal ocean has gained marked attention 
over the past two decades, it has proven challenging to determine how much of this 
groundwater is terrestrial versus marine derived (Moore, 2010). Terrestrial-derived 
groundwater is typically a minor component of total groundwater contributions in the 
coastal ocean (1–10 %), but much higher percentages (e.g., 20–35 %) have been observed 
in coastal systems with strong topographic gradients at the land-sea interface and/or low 
wave and tidal-driven marine groundwater recirculation (Gallagher et al., 1996; Li et al., 
1999; Hussain et al., 1999; Kim et al., 2003; Burnett et al., 2003; Taniguchi and 
Iwakawa, 2004; Taniguchi et al., 2006; Kaleris, 2006; Boehm et al., 2006; Moore and de 
Oliveira, 2008; Kwon et al., 2014; Dimova et al., 2015). We anticipate that the 
percentage of terrestrial SPGW discharge in our lagoon system is in the lower range of 
previous estimates (< 10 %) because Kaktovik Lagoon is surrounded by flat tundra 
terrain in a region of continuous permafrost. However, terrestrial SPGW discharge is 
likely greater than 1 % because tidal amplitudes and wave activity are very small. 
Therefore, assuming that 1 to 5 % of the groundwater discharge that we measured with 
222Rn in Kaktovik Lagoon is terrestrially-derived, we estimate that SPGW delivers 
roughly 8.6 × 103 to 4.3 × 104 m3 of freshwater day-1, 284 kg to 1420 kg of DOC day-1, 
and 17 to 86 kg of DON day-1 to Kaktovik Lagoon in late summer. This equates to 426 to 
2.1 × 103 m3 freshwater, 14.1 to 70.6 kg DOC, and 0.9 to 4.3 kg DON per km of 
shoreline per day in late summer. Minimum and maximum values associated with these 
flux estimates range from 59 % lower to 76 % higher than average estimates (Appendix 
C). While quantifying organic matter inputs associated with marine groundwater is 
beyond the scope of this study, lagoon benthic substrate is largely made up of terrestrial 
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material from runoff and coastal erosion, especially in lagoons that contain alluvium that 
extends to the beaches (Dunton et al., 2012) Thus, marine-circulated groundwater inputs 
to coastal lagoons likely include a large amount of terrestrially-sourced DOM as well.  
Comparison of 14C-DOC ages between SPGW (1,300 yBP) and local rivers 
(1,270 yBP) potentially suggests that riverine DOC along the eastern North Slope of 
Alaska is strongly influenced by SPGW sources during late summer. This finding is 
consistent with previous studies focusing on larger Arctic rivers, where seasonal changes 
in hydrology correlate to shifts in riverine 14C-DOC age from: (1) modern during the 
spring when frozen ground constrains high snowmelt-driven flow to litter and shallow 
surface soils; to (2) older during the summer (maximum age 489 yBP) and winter 
(maximum age 972 yBP) when low river flow is made up of higher proportions of 
groundwater that incorporates aged OC from deeper soil horizons or long-term storage in 
groundwater aquifers (Neff et al., 2006; Raymond et al., 2007; Aiken et al., 2014). 
Interestingly, our riverine 14C-DOC age is older than those reported for water leaving the 
major pan-Arctic rivers during the summer, but is more similar to ages found in the 
winter (Raymond et al., 2007). On the other hand, 14C-DOC ages reaching as much as 
4,846 yBP have been observed in upstream locations of the Yukon River watershed in 
Alaska during the summer (Aiken et al., 2014). Together these results demonstrate that 
DOM leaving small rivers of the eastern North Slope of Alaska is more strongly 
influenced by SPGW inputs than DOM leaving large pan-Arctic rivers during the late 
summer. This difference is in part explained by a strong inverse relationship between 
hydrologic flow and 14C-DOC age that appears consistent among Arctic rivers during the 
summer and winter time periods. During late summer, subsurface flow along the coastal 
plain of the North Slope is slower and has more contact time with deeper organic-rich 
and readily leachable soil layers at the permafrost boundary, which produce high 
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concentrations of DOC and DON that are carried to small streams and rivers via lateral 
groundwater transport (Neilson et al., 2018). Here we also found that concentrations of 
SPGW DOC and DON are one to two orders of magnitude higher than measurements 
from these nearby rivers (1.35 ± 0.25 mg C L-1; 0.10 ± 0.03 mg N L-1) during the late 
summer (data from Connolly et al., 2018). While direct SPGW inputs and local rivers 
share similar DOM sources, concentrations in rivers are much lower potentially due to a 
combination of intense photo-oxidation and microbial degradation that surface waters 
experience during the summer (Cory et al., 2014).  
Results from the eastern Alaska Beaufort Sea coast provide strong evidence that 
SPGW can be a substantial source of freshwater, DOC, and DON to Arctic coastal 
waters. If we assume that SPGW fluxes are similar along the remainder of the Alaska 
Beaufort Sea coast, we estimate that direct SPGW fluxes range from 8.3 × 105 to 4.2 × 
106 m3 freshwater day-1, 27.6 to 138 × 103 kg DOC day-1, and 1.7 to 8.4 × 103 kg of DON 
day-1 along the entire Alaska Beaufort Sea coastline (1,957 km; Ping et al., 2011). For 
comparison, average August discharge from all rivers draining the North Slope of Alaska 
is an estimated 8.0 × 107 m3 day-1 (data from 1990–2010 in Rawlins et al., 2019). While 
collective SPGW discharge may account for only a small percentage of total riverine 
discharge from the North Slope in August (1–5 %), if we consider summer DOC and 
DON concentrations of these rivers are 2.45 mg C L-1 and 0.14 mg N L-1 (averaged data 
from Connolly et al., 2018), then SPGW DOC and DON fluxes due to their high relative 
concentrations are a potentially much higher ~14 to 71 % of total riverine fluxes in 
August. Furthermore, it is important to keep in mind that the relative contributions of 
direct SPGW versus river inputs must vary substantially along the coastline. While 
SPGW inputs are probably minor in areas where major rivers, such as the Colville, flow 
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into the Alaska Beaufort Sea, SPGW may be the dominant source of freshwater, DOC, 
and DON along extensive stretches of coastline without sizable rivers.  
Groundwater-borne nutrients are recognized as a fundamental component of 
ecological and biogeochemical processes in the coastal ocean worldwide, and yet 
information on SPGW DOM inputs to Arctic coastal waters is scarce. This information is 
sorely needed to improve understanding of linkages between organic matter inputs from 
land and biological production in Arctic coastal environments. Here we conclude that 
contemporary SPGW fluxes potentially supply substantial quantities of DOC and DON to 
coastal waters of the Alaska Beaufort Sea and thus represent an underappreciated source 
of energy for Arctic coastal ecosystems. The relative importance of SPGW DOM inputs 
is greatest during the late summer when river flow depreciates and groundwater discharge 
increases with maximum thawing of the active layer. The DOM found in SPGW during 
late summer is sourced from organic matter spanning the entire thawed soil profile, but 
primarily from highly leachable SOM near the surface and from deeper peri-permafrost 
horizons. Given that direct SPGW inputs are not exposed to sunlight before entering the 
coastal ocean, they may contain a higher proportion of less degraded DOM than that 
found in river water (particularly during late summer). Furthermore, as warming 
continues in the Arctic, accelerated permafrost thaw and associated groundwater 
discharge have the potential to mobilize increasing amounts of soil organic matter.    
 76 
Table 3.1. Soil organic matter content residing in coastal soils and associated soil DOC and DON concentrations from soil-
water leaching experiments. The permafrost category represents soils at approximately 5–10 cm below the ice 
table. Values are ± 1 standard error, n = 3 for all samples. 
 Soil OM Content  Leachable Soil DOM  
Sample 
% C 
(100 × mg C 
mg soil-1) 
% N 
(100 × mg N 
mg soil-1)  
mg DOC  
g soil−1 
mg DON  
g soil−1 
mg DOC  
g soil C−1 
mg DON  
g soil N−1 
        






Table 3.2. Radiocarbon and stable carbon isotopic compositions and C:N ratios in SOC, 
leachable soil-DOC, and SPGW DOC. Values are ± 1 standard error, n = 3 
for all samples. 









SOC      
0–5 cm 1.046 ± 0.035 38 ± 35 > Modern −27.8 ± 0.4 16.2 ± 0.94 
15–20 cm 0.622 ± 0.060 −383 ± 59 3895 ± 799 −28.9 ± 0.5 24.2 ± 5.1 
30–40 cm 0.53 ± 0.053 −474 ± 53 5177 ± 774 −28.5 ± 0.1 17.4 ± 0.87 
permafrost 0.515 ± 0.515 −490 ± 57 5383 ± 581 −28.1 ± 0.3 17.1 ± 1.4 
Leachate DOC      
0–5 cm 1.042 ± 0.003 33 ± 2.5 > Modern −27.3 ± 0.5 51.7 ± 15.8 
15–20 cm 0.749 ± 0.048 −257 ± 47 2350 ± 526 −27.3 ± 0.1 101.5 ± 40.7 
30–40 cm 0.652 ± 0.023 −353 ± 23 3447 ± 279 −27.2 ± 0.3 44.4 ± 20.0 
permafrost 0.631 ± 0.022 −374 ± 21 3710 ± 274 −26.8 ± 0.2 26.4 ± 4.51 
SPGW DOC 0.853 ± 0.046 −154 ± 45  1298 ± 421  −28.2 ± 0.2 20 ± 1.2 











Figure 3.1. Map of the study sites along the eastern Alaska Beaufort Sea coast where 
samples were collected from soils (red circles), groundwater (yellow stars), 







Figure 3.2. (left) Schematic of SPGW flow through the active layer during late summer 
with percent contributions of soil-DOM to SPGW DOM. Soil-DOM 
proportions were estimated from measurements of the 0–5 cm, 15–20 cm, 
30–40 cm, and shallow permafrost sections. (right) SPGW concentrations of 
DOC and DON, and estimated upper range of fluxes of freshwater, DOC, 






Chapter 4: Bioavailability of dissolved organic matter in groundwater 
inputs to Arctic coastal waters  
ABSTRACT 
In the Arctic, supra-permafrost groundwater inflow (SPGW) delivers appreciable 
quantities of dissolved organic matter (DOM) from land to nearshore coastal waters 
during the late summer. However, there are virtually no studies to date on the quality of 
this groundwater DOM and its potential to fuel biological production in Arctic coastal 
waters. Given SPGW inputs to nearshore coastal systems in the Arctic are anticipated to 
increase as permafrost thaws, this information is sorely needed to assess responses to and 
feedbacks with Arctic warming. Here we provide new results on the bioavailability, 
chemical composition, and reactivity of DOM in SPGW inputs to nearshore lagoons on 
the eastern Alaska Beaufort Sea coast. We conducted (1) biodegradable dissolved organic 
carbon (BDOC) experiments, (2) ultra-high resolution DOM composition analysis using 
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS), and (3) 
serial thermal oxidation via Ramped Pyrolysis Oxidation (RPO) coupled to measures of 
activation energy (E) and stable carbon and radiocarbon isotopes (δ13C and Δ14C). These 
measurements were made on SPGW DOM samples as well as nearby river and lagoon 
water DOM for comparison. Our results reveal that SPGW, river water, and lagoon water 
DOM contains predominantly highly aromatic carbon compounds that are resistant to 
microbial degradation on the order of weeks to a few months. However, we found that 
microbial communities can effectively degrade an appreciable amount of this DOM in 
SPGW but not in river or lagoon water, indicating that SPGW contains a portion of 
bioavailable DOM that has already been degraded in river and lagoon waters during the 
late summer. Results of the reactivity structures of these DOM types indicates that SPGW 






lagoon water contains an unreactive component of DOM that is not in groundwater or 
river water. Together these results suggest that lagoon water DOM is influenced by soil-
DOM sources carried by direct SPGW inputs as well as SPGW-fed river inputs that have 
been degraded. SPGW likely supplies an appreciable and previously unrecognized energy 







Land-derived groundwater is a significant source of freshwater and nutrients to 
the coastal ocean worldwide (Zektser et al., 1993; Burnett et al., 2003; Moore, 2010; 
Sawyer et al., 2016) and yet, groundwater nutrient export to coastal waters is largely 
uncharacterized in the Arctic (Lecher, 2017). It has been demonstrated recently that 
supra-permafrost groundwater (SPGW) delivers appreciable quantities of dissolved 
organic matter (DOM), which includes dissolved organic carbon and nitrogen (DOC and 
DON), to coastal waters of northern Alaska during the late summer (Connolly et al., 
2019a). SPGW inflow (i.e., groundwater flow through surficial soils above frozen 
permafrost) is firmly separated from sub-permafrost groundwater on the Arctic Coastal 
Plain, which flows beneath 200–600 m of permafrost and therefore circumvents the land-
sea interface of nearshore coastal systems (Kane et al., 2013). In turn, SPGW is likely the 
principal form of groundwater inflow to nearshore coastal waters in the Arctic and a 
potentially large source of DOM for coastal biological production. SPGW DOM may be 
particularly important for food webs and the cycling of carbon and nitrogen in nearshore 
Arctic estuaries that rely heavily on inputs of terrestrial material (Dunton et al., 2006; 
Connelly et al., 2015; Harris et al., 2018). However, the realized importance of DOM as 
an energy source to metabolism is largely considered a function of its bioavailability for 
microbial consumption (Sobczak et al., 2010), which is inherently linked to its chemical 
composition and reactivity (Crump et al., 2003; Judd et al., 2006; Wickland et al., 2007; 
Fichot and Benner, 2014). Currently there is a lack of information on these properties of 
SPGW DOM that is needed to determine the role and importance of SPGW inputs for 






The immediate threats of climate change adds urgency to this research need since 
Arctic warming is increasing groundwater discharge across the pan-Arctic (Smith et al., 
2007; St. Jacques and Sauchyn, 2009; Walvoord et al., 2012; Rawlins et al., 2019), and 
liberating massive quantities of previously frozen and trapped stocks of organic matter in 
high-latitude soils and permafrost (Tarnocai et al., 2009; Schuur et al., 2013; Hugelius et 
al., 2014; Schädel et al., 2016). As permafrost thaws, anticipated increases in soil-DOM 
export via SPGW may constitute a positive feedback to warming through decomposition 
processes and the subsequent release of greenhouse gases (CO2 and CH4) (Frey and 
McClelland, 2009; Drake et al., 2015; Connolly et al., 2019a). Improved understanding of 
the composition and reactivity of SPGW DOM inputs to Arctic coastal waters is therefore 
also needed in order to predict responses to and feedbacks with warming in the Arctic.  
Well over half of the Alaskan Beaufort Sea coast is framed by shallow lagoon 
systems (typically < 4 m) that are enclosed by barrier islands. These prominent estuarine 
features act as hotspots for biogeochemical cycling of organic matter and nutrients and 
support diverse assemblages of marine biological communities (Pedersen and Linn, 2005; 
von Biela et al., 2011; Dunton et al. 2012; Brown et al., 2012; Connelly, et al., 2015; 
Harris et al., 2018; Connolly et al., 2019b). While lagoons in northern Alaska are well 
recognized as highly valuable and productive ecosystems, scientific understanding 
forming the foundation of lagoon productivity is still growing. The consumption of 
biologically labile (biolabile) river-borne DOM delivered to lagoons during peak 
discharge in the late spring is one source of fuel for biological production (Holmes et al., 
2008; Mann et al., 2012; McClelland et al., 2014). River inputs during the summer are 
also biologically relevant, but these inputs are much lower due to low river discharge and 
intense biological/photo-degradation that decreases surface water concentrations of DOC 






al., 2014). On the other hand, SPGW discharge increases during the summer with the 
thawing of the active layer (i.e., seasonally thawed surface soils above permafrost) and 
delivers appreciable quantities of DOM to lagoon ecosystems (Connolly et al., 2019a). 
Given that direct SPGW inputs are not exposed to sunlight before entering coastal waters 
and likely experience little biological degradation owing to water-logged soils and anoxic 
conditions (Frey and McClelland, 2009), SPGW may contain a higher proportion of 
biolabile and reactive DOM than river or lagoon DOM pools during the late summer. 
Here we characterize the bioavailability, chemical composition, and reactivity of 
DOM in SPGW inflow to lagoons of the eastern Alaska Beaufort Sea coast during late 
summer. Our study also considers these DOM properties in neighboring river and lagoon 
waters during the same time period. We first assessed the bioavailability of DOM in 
SPGW, river water, and lagoon water from single-source bioincubation experiments that 
quantified the amount of microbial-mediated loss of DOC over a 28 day period. We also 
conducted these experiments using mixtures of SPGW and river water with lagoon water 
to identify potential priming effects of adding SPGW and river water DOM to the lagoon 
environment (Bianchi, 2011; Bianchi et al., 2015). Second, we linked the bioavailability 
of DOM to its chemical composition using ultra-high resolution electrospray ionization 
Fourier transform ion cyclotron resonance mass spectrometry (ESI-FT-ICR MS) to derive 
background DOM molecular compounds and subsequent changes in these compounds 
following bioincubation (Textor et al., 2018). Lastly, to compliment our assessment, we 
employed a regularized inverse method to relate DOC reactivity (i.e., activation energy, 
E) of SPGW, river water, and lagoon water to their stable carbon (δ13C) and radiocarbon 
isotopic (Δ14C) compositions using serial thermal oxidation (Ramped Pyrolysis Oxidation 






in concert to examine the bioavailability, chemical composition, and reactivity of DOM 
in SPGW, river water, and lagoon water in an Arctic coastal region. 
 
MATERIALS AND METHODS 
Water Sampling 
A single SPGW composite was collected from 10 individual sampling locations 
using equal amounts of water along the beach of Jago Lagoon on 17 August 2017 (yellow 
star in Figure 4.1). On the same day, surface water samples were collected from the Jago 
River (blue circle in Figure 4.1) and from 2–3 m depth in Kaktovik Lagoon (red circle in 
Figure 4.1). River water was collected from the side of the mainstem channel near the 
delta and above tidal influence. Lagoon water was collected from Kaktovik Lagoon as 
opposed to Jago Lagoon because the water column of Jago Lagoon was entirely fresh 
during the sampling period. The salinity of our Kaktovik Lagoon water sample was 17–
18, which is more representative of estuarine lagoon conditions over the summer (Harris 
et al., 2017). SPGW was extracted using piezometer wells that were installed to the depth 
of frozen ground (~1 m) running parallel to the shoreline. Samples from piezometers 
capture groundwater that has moved through the active layer to the lagoons without 
becoming channelized surface water flow. All water samples were collected using a 
peristaltic-pump attached with acid washed and Milli-Q rinsed Master-Flex tubing. Water 
samples were then dispensed into 10 L acid-washed and Milli-Q rinsed low-density 
polyethylene (LDPE) containers and transported in a cooler to the U.S. Fish & Wildlife 







Biodegradable DOC Experimental Setup 
The bioavailability of DOC is widely recognized as an important driver of 
microbial metabolism and has been studied in permafrost-influenced watersheds more 
recently to understand the potential degradation of vulnerable carbon pools (Holmes et 
al., 2008; Mann et al., 2012; Wickland et al., 2007, 2012; Abbott et al., 2014). Here we 
conducted biodegradable DOC (BDOC) experiments that quantified the amount of DOC 
loss over time using a standard experimental procedure for remote fieldwork reviewed in 
Vonk et al. (2015). Immediately following field collection, water samples were filtered 
through pre-combusted (450°C  > 5 hr) GF/F glass microfiber filters (0.7 µm) into 125 
mL acid-washed and Milli-Q rinsed polycarbonate bottles. Single-source experiments 
contained only groundwater, river water, and lagoon water, while mixing experiments 
contained a 50/50 mixture of groundwater with lagoon water and river water with lagoon 
water (60 mL of each source). BDOC experiments were initiated by incubating triplicate 
sets of each sample type in the dark at 20 °C for 0, 14, and 28 days. Bottle caps were 
loosely fitted to maintain oxygenated conditions. Samples for the 0 d time point were 
frozen after filtration and thus represent background DOC concentrations. At each 
subsequent time point, samples were re-filtered through a pre-combusted GF/F glass 
microfiber filters and immediately frozen to stop microbial activity. The bioincubation 
experiments were moved from Kaktovik to the University of Texas at Austin, Marine 
Science Institute (UTMSI) following fieldwork. To prevent the bioincubations from 
warming above 20 °C during their relocation, water samples were stored in cooler at ~4 
°C for less than 48 hours. Therefore our estimates represent more conservative microbial-
mediated changes over time than might occur if the samples were kept at a constant 20 
°C. Concentrations of DOC were determined using high-temperature oxidation performed 






as the difference between the initial and final DOC concentration (Δ DOC). The percent 
loss of DOC or percent of BDOC (% BDOC) was calculated from the Δ DOC/ DOCinitial 
× 100. The decay rate was determined by Δ DOC/ time (in days). 
 
Molecular Characterization of DOM using FT-ICR MS 
FT-ICR MS allows for the determination of molecular formulae for thousands of 
DOM compounds (Sleighter and Hatcher, 2007). In recent studies, FT-ICR MS has been 
used to examine DOM composition and bioavailability in glacier and lake ecosystems 
(Stubbins et al., 2012; Spencer et al., 2014), temperate headwater streams, northern lakes, 
and coastal bays (Sleighter and Hatcher, 2008; Sleighter et al., 2010, 2014; Kellerman et 
al., 2015), and in Arctic watersheds (Spencer et al., 2015; Drake et al., 2018). Here we 
used FT-ICR MS to determine ultra-high resolution DOM molecular components in 
Arctic SPGW, river water, and lagoon water as well as in our groundwater and river 
water mixtures with lagoon water. Samples at times 0 d and 28 d were analyzed to assess 
which compound classes were used/transformed by microbial degradation. To prepare 
samples for FT-ICR MS, DOM was concentrated by solid phase extraction (SPE) using 
100 mg Bond Elut PPL cartridges and methods described in Dittmar et al. (2008). Initial 
DOC concentrations were used to calculate the volume needed to achieve a target mass of 
40 µg C mL-1 in 1-mL methanol elutions. An extraction efficiency of 65 % was assumed 
in our calculations. SPE-DOM extracts were stored at –20 °C before analysis on a 9.4 T 
FT-ICR MS at the National High Magnetic Field Laboratory (Tallahassee, Florida) with 
the instrument set to negative ion mode. FT-ICR MS spectra consist of thousands of 
individual molecular peaks and intensities that were evaluated in the mass range of 200–






assigned in PetroOrg software (Corilo, 2018) and included only elemental combinations 
of C4-45H4-200N0-1O0-25S0-1 and mass errors less than 200 ppb, excluding noise (signals > 6 
σ root mean square baseline; O’Donnell et al., 2016). Molecular formulas were 
categorized by specific compound classes based on their elemental stoichiometry and 
modified aromaticity indices (Almod) (Koch and Dittmar, 2006; Santi-Temkiv et al., 
2013). These classes were determined from the following elemental and Almod 
boundaries: [i] unsaturated phenolic high oxygen, where Almod  < 0.5, H/C < 1.5, O/C ≥ 
0.5; [ii] unsaturated phenolic low oxygen, where Almod < 0.5, H/C < 1.5, O/C < 0.5; [iii] 
polyphenolic, where Almod 0.50–0.67; [iv] condensed aromatic, where Almod > 0.67; [v] 
aliphatic, where H/C ≥ 1.5, O/C < 0.9, N=0; and [vi] peptide-like, where H/C ≥ 1.5, O/C 
< 0.9, N ≥ 1 (O’Donnell et al., 2016). Compound classes were generated using Python 
software (Hemingway, 2017b). The contribution of each class to the DOM pool is based 
on the relative abundance (i.e., the number of molecular formulas assigned to each 
compound class). Changes in the relative abundances of these compound classes 
following bioincubation are used to represent shifts in DOM due to microbial utilization. 
 
Reactivity Assessment of DOM using Ramped Pyrolysis Oxidation 
Serial thermal oxidation using the RPO method involves heating an organic 
matter (OM) sample at a controlled rate while continuously quantifying and collecting 
CO2, which is binned over user-defined time windows (termed “fractions”). Each fraction 
is then analyzed for its δ13C and Δ14C compositions (Rosenheim et al., 2008), allowing 
for the determination of various components of OM within a single bulk sample. RPO 
analysis has been recently applied to riverine sediments (Rosenheim and Galy, 2012; 






2013b; Subt et al., 2016), temperate lake DOC (Zigah et al., 2017), and Arctic river 
particulate organic matter (POM) and coastal sediment (Schreiner et al., 2014; Zhang et 
al., 2017). New understanding of the reaction kinetics of the RPO technique allows us to 
make stronger interpretations of paired kinetic and isotope measurements, relating OM 
chemical composition, sources, and reactivity (Hemingway et al., 2017a).  
Serial thermal oxidation was performed using SPE-DOM from SPGW, river 
water, and lagoon water samples (using the same methods as described above) on the 
RPO instrument at the Woods Hole Oceanographic Institution, National Ocean Sciences 
Accelerator Mass Spectrometry facility (WHOI/NOSAMS) (Rosenheim et al., 2008; 
Plante et al., 2013). A dried SPE-DOM sample in a combusted small 1 mm pyrex glass 
tube insert was transferred to a quartz reaction vessel, which was then placed in the top of 
the thermal analyzer. The thermal analyzer includes two coupled ovens, with the bottom 
oven set at a constant temperature of 800 °C and the top oven holding the sample reactor. 
The sample was thermally oxidized to CO2 by gradually raising the top oven temperature 
with a ramped rate of 5 °C per minute to 800 °C, when all OC was oxidized. During 
oxidation, a mixed gas solution of ~8 % oxygen and 92 % helium flowed through the 
reactor at a rate of 35 mL per minute. The evolving gas was passed over a Pt/Ni/Cu 
twisted wire in the bottom oven to ensure complete oxidation of OC to CO2. The 
evolving CO2 was quantified downstream with an in-line Li-COR CO2 analyzer and then 
cryogenically purified and collected using a series of flow-through glass traps. Five or six 
fractions were collected during serial oxidation where observable rising and falling CO2 
peaks were occurring, which can provide evidence of potential shifts in the types/sources 
of OM (Williams et al., 2014). Δ14C and δ13C measurements were made at NOSAMS 
using standard procedures (McNichol et al., 1994). Purified CO2 gas samples were 






550°C. Targets were subsequently analyzed for carbon isotopes (δ13C ‰ and 14C as 
fraction modern carbon). All Δ14C data (in ‰) were corrected for isotopic fraction using 
measured δ13C values that were quantified during the 14C-AMS procedure. δ13C values 
reported herein were determined separately using a VG Prism Stable Mass Spectrometer 
at NOSAMS. Δ14C and radiocarbon age were determined from percent modern carbon 
using the year of sample analysis according to Stuiver and Polach (1977).  
Measured RPO thermal profiles were plotted to compare the evolution of DOC 
oxidation to CO2 with increases in temperature between SPGW, river water, and lagoon 
water samples. This provides a rudimentary first step in understanding similarities and 
differences in DOC chemical structure that affect thermal reactivity. As a second step, we 
determined DOC decay as a function E, the Arrhenius activation energy needed to 
transform DOC to CO2 during serial thermal oxidation. E is an intrinsic property of the 
chemical bonding environment experienced by carbon atoms and is therefore a more 
suitable proxy for OC chemical composition and reactivity (Hemingway et al., 2017a). 
For each SPE-DOM sample, we determined the underlying E distribution leading to the 
observed thermal profiles (termed p(0,E)) as described by Hemingway et al., (2017a). 
This analysis was performed with the ‘rampedpyrox’ package in Python (Hemingway, 
2017c). We calculated the temporal evolution of p(0,E) to estimate the mean E values of 
DOC that decays within each RPO fraction. We then compared mean E values with 14C 







RESULTS AND DISCUSSION 
Biodegradable DOC 
SPGW DOC concentrations were on average over five times higher than that of 
nearby river water and lagoon water during the late summer (Table 4.1; Figure 4.2). This 
corroborates well with previous sites measurements of late summer DOC concentrations 
in SPGW, river water, and lagoon water (Connolly et al., 2018; Connolly et al., 2019a,b). 
Average DOC loss following the 28 d bioincubation was much higher in SPGW relative 
to river water and lagoon water (Table 4.1; Figure 4.2). The average percentage of BDOC 
(i.e., the biodegradable or microbial-utilized portion of DOC) following 28 days was 
more than double in SPGW relative to river water, and nearly an order of magnitude 
higher than in lagoon water (Table 4.1). These results suggest that direct SPGW inputs to 
coastal waters of northeastern Alaska contain a larger component of biolabile DOM than 
that of river water inputs and in the existing lagoon DOM pool during the late summer. 
Our results are comparable to other studies that measured analogous water types with the 
same experimental setup and over the summer (reviewed in Vonk et al., 2015). For 
example, values for Richardson Creek (< 250 km2), a predominately groundwater-fed 
stream of the Yukon River watershed in Alaska, had a similar initial DOC concentration 
of 33 mg C L-1, with a reported 4.3 % BDOC and 1.4 mg C L-1 DOC loss over 28 days 
(Vonk et al., 2015). Our river water results are comparable to ranges reported for the 
Yukon and Mackenzie rivers in North America and Kolyma River in Eurasia: initial 
DOC concentrations range from 3.4 to 7.6 mg C L-1, with a reported 0 to 12.2 % BDOC 
and 0 to 0.56 mg C L-1 DOC loss over 28 days (Vonk et al., 2015; Spencer et al., 2015). 
However, our groundwater results are lower than the average of soil-leachates from 
surficial cores collected near Toolik Lake in northern Alaska: initial DOC concentration 






days (Vonk et al., 2015). The higher amount of BDOC in soil-leachates compared to 
SPGW DOM may be in part because soil-leachates contain highly biolabile DOM (e.g., 
from fresh plant growth inputs or root exudates; Marscher and Kalbitz, 2003) that could 
have already been degraded in SPGW DOM before entering coastal waters.  
Average DOC concentration in our SPGW and lagoon water mixture was higher 
than in our river water and lagoon water mixture as expected (Table 4.1; Figure 4.2). 
Average DOC loss following the 28 d bioincubation nearly doubled in our groundwater 
and river water mixtures with lagoon water (Table 4.1). These results suggest that the 
addition of biolabile DOM in SPGW and river water could be enhancing the degradation 
of more stable DOM components in the existing lagoon DOM pool (i.e., facilitating a 
priming effect). On the other hand, the average DOC losses in groundwater and river 
water mixtures with lagoon water were markedly similar to the average DOC losses in 
background groundwater and river water experiments (Table 4.1). In other words, the 
decay rates between our 28 d single-source and mixing experiments were the same. The 
majority of DOC loss in our bioincubations occurred between 14 and 28 days, which 
might show more distinct decay rate differences; however, the average 14–28 d decay 
rates between background SPGW (0.092 ± 0.004 mg C L-1 day-1) and river water (0.006 ± 
0.001 mg C L-1 day-1) were the same as their respective groundwater (0.090 ± 0.006 mg C 
L-1 day-1) and river water (0.007 ± 0.001 mg C L-1 day-1) mixtures with lagoon water. 
Since very little DOC was consumed in our background lagoon water bioincubation, then 
it could be the case that microbial communities in our mixtures were simply degrading 
solely SPGW and riverine DOC with similar rates than those found in our background 
experiments. A priming effect would be evident if the amount of DOC utilized by 
microorganisms was higher in our mixtures than in our background experiments. The 






priming causes a weak or no effect on the degradation of DOC within aquatic systems 
(Dorado-Garcia et al., 2016; Blanchet et al., 2017; Bengtsson et al., 2018; Textor et al., 
2018). On the other hand, these results do suggest that mixing effects between SPGW and 
lagoon water (such as flocculation or shifts in ionic conditions) do not hinder the ability 
of microorganisms to degrade SPGW DOM. 
 
DOM Composition and Microbial Utilization 
Ultra-high resolution FT-ICR MS characterization revealed that the composition 
of DOM in SPGW, river water, and lagoon water samples are all similarly dominated by 
a high relative abundance of unsaturated phenolic high and low O/C compounds (Table 
4.2; T0 in Figures 4.3 and 4.4). We found similar proportions of the other compound 
classes within these background DOM sample, with moderate relative abundances of 
polyphenolics, low condensed aromatics and aliphatics, and very low peptide-like and 
sugar compounds. The overwhelming unsaturated phenolic and polyphenolic signal is 
evident in our van Krevelen diagrams (T0 in Figure 4.3), where we see high relative 
abundances in regions associated with lignin and tannin-like compounds (Sleighter and 
Hatcher, 2007). These results suggest that highly aromatic vascular plant material makes 
up the majority of DOM in SPGW, river water, and lagoon water in northeastern Alaska. 
On the contrary, compounds have lower relative abundances in regions associated with 
combusted terrestrial material or degraded lignin (i.e., condensed aromatics), as well as 
energy-rich sources such as lipids and microbial products (i.e., aliphatics) and proteins 
and carbohydrates (i.e., peptide-like and sugars) (T0 in Figure 4.3).  
A strong linkage between soil leachates and DOM in aquatic networks can help 






water, and lagoon water during late summer. More specifically, their compositions 
strongly resemble that of DOM derived from organic-rich surface soils (i.e., the organic 
mat) and from thawing permafrost organic matter (Ward and Cory, 2015), which are 
subject to leaching with soil thawing during the summer. A convergence of soil-DOM 
sources in SPGW, local river water, and lagoon water is supported by a recent line of 
evidence suggesting that [1] DOM in lagoon water (~half strength seawater) is inherently 
terrestrial-freshwater during the summer (Connolly et al., 2019b); [2] summer DOM in 
rivers draining into lagoons are strongly influenced by SPGW sources (Connolly et al., 
2019a); and [3] SPGW contains highly leachable soil-DOM sources primarily from 
organic-rich surface soils and deeper soil horizons that potentially extend into thawing 
permafrost (Connolly et al., 2019a). This would suggest that lagoon DOM during the late 
summer is strongly influenced by direct SPGW inputs and (SPGW-fed) river inputs.  
The similarity in composition between SPGW, river water, and lagoon water 
DOM could also potentially arise from the loss of biolabile compounds in SPGW before 
entering coastal waters, the inability of microorganisms to utilize highly aromatic carbon 
compounds, and/or the effects of photo-degradation on surface water DOM. It has been 
shown that microbial communities in Arctic surface waters prefer energy-rich aliphatic, 
peptide-like, and sugar compounds (Spencer et al., 2015). These compounds are abundant 
in DOM derived from recently produced litter and soil leachates and thus account for a 
significant portion of BDOC observed in aquatic environments (Holmes et al., 2008; 
Wickland et al., 2012; Mann et al., 2012; Kellerman et al., 2015; O’Donnell et al., 2016; 
Textor et al., 2018). Likewise, highly biolabile aliphatic compounds are abundant in 
DOM derived from thawing permafrost (Ward and Cory, 2015; Spencer et al., 2015; 
Drake et al., 2018). Here we found a lower than expected relative abundance of aliphatic, 






from organic-rich soils in the active layer, which may include thawed permafrost organic 
matter (Connolly et al., 2019a). This may be due to microbial degradation of these 
leachate-derived compounds as SPGW moves laterally towards lagoons, which can take 
weeks to months during the summer (Wales et al., 2019). The lack of aliphatic, peptide-
like, and sugar compounds explains the low amounts of BDOC in our experiments.  
In general, we found little microbial-mediated change in DOM composition 
between initial (T0) and final (T28) samples in our single-source and mixing experiments 
(Figures 4.3 and 4.4). This may be due to their high relative abundance of phenolic and 
polyphenolic compounds, which are more resistant to biological degradation and may 
even inhibit bacterial respiration (Freeman et al., 2001; Mann et al., 2014). On the other 
hand, we did find an observable decrease in the relative abundance of these compounds 
in SPGW DOM, but not in river water or lagoon water DOM (Figure 4.3). This suggests 
that microbial communities are able to effectively degrade aromatic DOM in SPGW, but 
to a lesser degree in that of river and lagoon water over the course of weeks to months. 
This could in part be explained by the photo-degradation of highly aromatic DOM in 
surfaces waters that does not occur in SPGW during the summer (Cory et al., 2014).  
 
DOM Reactivity Assessment 
Results of serial thermal DOM oxidation to CO2 in RPO thermoprofiles revealed 
that SPGW and riverine DOM oxidize over the same range of temperatures, with the vast 
majority of DOM oxidized between ~200–550 °C and peaks at 458 °C and 510 °C, 
respectively (Figure 4.5). Lagoon water DOM oxidizes over a broader temperature range, 
with most of the DOM oxidized between ~200–700 °C and with two discernable peaks at 






water have similar thermally reactive chemical structures/ bond strengths. Interestingly, 
the oxidation of SPGW DOM peaks at a slightly lower temperature than river water 
DOM. Together this support the idea that SPGW and river water DOM share similar 
compositions and soil-DOM sources, but SPGW contains some compounds that are more 
thermally reactive. We see that a component of lagoon water DOM is reactive over a 
similar temperature range as SPGW and river water DOM, peaking at a temperature that 
is similar to riverine DOM. However unlike SPGW and river water, lagoon water seems 
to contain some portion of less reactive DOM that oxidizes at higher temperatures.  
Given that activation energy (E) is an intrinsic property of the sample type and 
does not depend on experimental conditions (such as temperature ramp rate), it serves as 
a better proxy for understanding OC bond strength/ chemical composition and thus 
potential OC biolability (Hemingway et al., 2017a). Organic matter pools that integrate a 
diversity of sources, including recently assimilated biomass, organic matter that has been 
transformed, or stabilized pre-aged material typically exhibit a broader and more complex 
distribution of E (Hemingway et al., 2017a). Thus comparing mean E values and p(0,E) 
profiles with isotopic measurements during serial oxidation can be helpful for examining 
how OM reactivity relates to variability in OM sources. Here we quantified p(0,E) 
profiles and the relationships between mean E distributions and their corresponding δ13C 
and Δ14C values (expressed as Fm) of RPO fractions collected from SPGW, river water, 
and lagoon water SPE-DOM samples according to Hemingway et al. 2017a (Table 4.3; 
Figure 4.6). The reactivity structures (revealed by p(0,E) profiles) in SPGW, river water, 
and lagoon water DOM are markedly similar between an E of 100–200 kJ mol-1 (Figure 
4.6; top). We do see a higher p(0,E) peak in SPGW relative to river and lagoon water 
DOM when E = ~172 kJ mol-1, whereas we see a lower p(0,E) peak in lagoon water 






river water DOM, we see a broader distribution of E in lagoon water DOM, where p(0,E) 
additionally peaks when E = ~202 kJ mol-1. These results suggest that SPGW, river 
water, and lagoon water DOM have similar underlying chemical compositions/ bond 
strengths, but that [1] SPGW DOM contains a reactive component when E = ~172 kJ 
mol-1 that is absent in river and lagoon water DOM; [2] both SPGW and river water 
DOM contain a reactive component when E = ~180–190 kJ mol-1 that is absent in lagoon 
water; and [3] lagoon water DOM contains a reactive component at an higher E= ~202 kJ 
mol-1 that is absent in SPGW and river water DOM.  
When we compare the distribution of mean E values with their respective isotopic 
values in RPO fractions, we find that SPGW, river water, and lagoon water DOM are all 
predominately made up of terrestrial carbon (i.e., they have depleted δ13C values) (Figure 
4.6; bottom). Interestingly, we see slightly more enriched δ13C values in lagoon water 
DOM, which increase as E increases. This could arise if lagoon water contains a small 
component of aged and unreactive marine-derived DOM from polar mixed layer water 
(Druffel et al., 2017). We also found that SPGW and lagoon water have a similar Fm age 
distribution among RPO fractions, whereas river water DOM fractions are typically 
modern and decrease in age with increasing E (Figure 4.6; middle). These results suggest 
that river water can contain DOM leachates predominately from shallow soil horizons (< 
10 cm) and that the composition of leached DOM from older and deeper soil horizons are 
similar despite a difference in age by ~1,000 years (Connolly et al., 2019a). More 
importantly, the similar 14C-DOC ages between SPGW and lagoon water suggests that 








In this study, we demonstrate that direct SPGW inputs to lagoons along the 
Alaska Beaufort Sea coast contain a portion of bioavailable DOM that is absent in river 
and lagoon waters during the late summer. The observed low percentages of BDOC in 
our samples can be attributed to potentially large amounts of highly aromatic carbon from 
leached soil organic matter. While we found little change in the relative abundances of 
DOM compound classes over the course of 28 d bioincubation experiments, there was an 
observable microbial-mediated loss of phenolic and polyphenolic compounds in SPGW. 
This suggests that SPGW DOM contains aromatic material (e.g., from soil leachates) that 
can be effectively degraded by microbial communities. The observed low amounts of 
BDOC and low DOC concentrations in river and lagoon waters may be due to intense 
photo-degradation that removes aromatic DOM compounds over the summer. These 
results corroborate well with new understanding of the reactivity structures of SPGW, 
river water, and lagoon water DOM, which indicates that SPGW contains a component of 
reactive DOM that is not present in river and lagoon water, while lagoon water contains a 
portion of unreactive DOM that is absent in SPGW or river water. Together these results 
suggest that lagoon DOM is influenced by SPGW and SPGW-fed river water that has 
undergone intense degradation and in turn, results in low concentrations of stable lagoon 
DOM during late summer. Arctic coastal regions are already being impacted by climate-
linked changes in hydrology and thawing permafrost, which are anticipated to increase 
SPGW DOM inputs to Arctic coastal waters. The introduction of permafrost organic 
matter to SPGW may change its bioavailability, composition, and reactivity. Studies are 
needed to assess how shifts in the properties of SPGW DOM as permafrost thaws will 
alter coastal ecological and biogeochemical processes in the Arctic. For instance, future 






land-derived freshwater inflows, such as SPGW and river water inputs, and food web 








Table 4.1. Concentrations of DOC at the start of the bioincubation experiments (initial 
DOC), the amount of DOC consumed following a 28 day incubation (Δ 
DOC), and the percentage of DOC loss or biodegradable DOC (BDOC). 
Values are averages ± 1 standard error 
Sample Initial DOC  (mg C L−1) 
Δ DOC   
(mg C L−1) 
BDOC 
(%) 
    
SPGW 28.29 ± 0.09 1.28 ± 0.05 4.5 ± 0.2 
river water 5.03 ± 0.01 0.09 ± 0.01 1.8 ± 0.2 
lagoon water 2.34 ± 0.03 0.01 ± 0.06 0.6 ± 2.8 
SPGW + lagoon water 14.89 ± 0.11 1.26 ± 0.08 8.5 ± 0.5 
river water + lagoon water 4.06 ± 0.01 0.11 ± 0.02 2.7 ± 0.6 




















Table 4.2. Chemical composition of DOM in background SPGW, river water, and lagoon 
water samples revealed by FT-ICR MS. The total n of molecular formulas is 
indicated. For each compound class, the relative abundances (i.e., the 
number of molecular formulas of the total) as well as the % relative 
abundance in parenthesis are shown. 
 Relative Abundance 
Compound Class SPGW (n = 4654) 
River water 
(n = 6902) 
Lagoon water 
(n = 7915) 
    
Unsaturated phenolic high O/C 2945 (63.3) 4201 (60.9) 4623 (58.4) 
Unsaturated phenolic low O/C 829 (17.8) 1716 (24.9) 2019 (25.5) 
Polyphenolic 555 (11.9) 604 (8.8) 666 (8.4) 
Condensed aromatic 127 (2.7) 119 (1.7) 175 (2.2) 
Aliphatic 140 (3.0) 212 (3.1) 366 (4.6) 
Peptide-like 10 (0.2) 14 (0.2) 45 (0.6) 
Sugars 47 (1.0) 36 (0.5) 21 (0.3) 


















Table 4.3. Temperature range, activation energy (E), and isotopic data for each RPO 
fraction (ƒ) collected from SPE-DOM samples. Values for E are the mean ± 
1 standard deviation. Analytical error for δ13C is ± 0.15 (1 standard 
deviation). Analytical error in 14C measurements is very small so and was 
not included in the table. 









       
SPGW 1 103–295 127 ± 10 1020 0.881 −28.5 
 2 295–382 152 ± 11 750 0.911 −29.6 
 3 382–458 172 ± 7 700 0.917 −29.0 
 4 458–510 180 ± 4 640 0.923 −28.8 
 5 510–539 183 ± 2 685 0.918 −29.7        
river water 1 102–243 119 ± 8 440 0.948 −30.0 
 2 243–401 151 ± 15 modern 1.087 −29.6 
 3 401–451 172 ± 7 modern 1.072 −29.0 
 4 451–510 182 ± 6 modern 1.086 −28.8 
 5 510–564 186 ± 2 modern 1.130 −29.5        
lagoon water 1 110–283 126 ± 9 745 0.916 −28.2 
 2 283–411 154 ± 12 995 0.884 −27.7 
 3 411–460 173 ± 10 955 0.889 −27.6 
 4 460–524 190 ± 8 875 0.897 −27.4 
 5 524–577 200 ± 7 940 0.890 −26.5 













Figure 4.1. Study sites along the eastern Alaska Beaufort Sea coast where samples were 
collected for SPGW (yellow star), and river water (blue circle), and lagoon 
















Figure 4.2. DOC loss in single-source and mixing 28 day bioincubation experiments. 
Top: SPGW (labeled as groundwater; dark circles) and SPGW plus lagoon 
water (white circles). Middle: river water (dark squares) and river water plus 
lagoon water (white squares). Bottom: lagoon water (dark triangles). The 
left y-axis corresponds to DOC of the single-source experiments, while the 
right y-axis corresponds to DOC of the mixing experiments. Points are the 






Figure 4.3. van Krevelen diagrams of elemental DOM composition derived from FT-ICR 
MS. The color scale represents a gradient of increasing relative abundance 
(% of molecular formulas assigned) from 0 to ≥ 20 %. Plots show changes 
in the relative abundance of molecular formulas between initial (T0) and 
final (T28) background SPGW (labeled as groundwater), river water, and 













Figure 4.4. Chemical composition of DOM revealed by FT-ICR MS in initial (T0) and 
final (T28) background SPGW (labeled as groundwater), river water, and 
lagoon water samples as well as in samples of SPGW and river water mixed 
with lagoon water. Bars represent the relative abundance (% of molecular 
formulas assigned) of different compound classes. The color gradient for 
T28 samples represents the change in relative abundance of compound 
classes as an increase (in red) or decrease (in blue). Increases did not exceed 









Figure 4.5. RPO thermoprofiles of SPE-DOM from river water (dashed lined), SPGW 
(labeled as groundwater; solid line), and lagoon water (dotted line). Five or 
six CO2 fractions were collected during serial thermal oxidation from ~100 
to 800 °C. Shapes indicate the max temperatures where individual CO2 











Figure 4.6. Top: regularized p(0,E) distributions from SPE-DOM of river water (dashed 
line), SPGW (labeled as groundwater; solid line), and lagoon water (dotted 








The results of the studies contained in this dissertation provide new understanding 
of DOM characteristics that link watershed export and Arctic coastal environments, and 
how Arctic land-ocean systems will respond to the immediate threats of climate change. 
While river inputs of DOM are essential to coastal ecosystem function, our understanding 
of these inputs is still limited in many remote regions of the Arctic (Holmes et al., 2013). 
Watershed slope is a promising indicator of variations in fluvial DOM that can be used to 
infer concentrations in high-latitude catchments where field-data collection is prohibitive 
(Harms et al., 2016; Khosh et al., 2017). However, relationships between watershed slope 
and fluvial concentrations of DOC and DON have not been generalized for the full range 
of catchment sizes and geographic locations that is representative of the pan-Arctic. 
Chapter 1 reveals that watershed slope is an excellent predictor of spring and summer 
fluvial concentrations of DOC and DON among pan-Arctic rivers, and that slope-
concentration relationships do not vary by scale or region. These patterns are linked to 
variations in soil organic matter contents, which are related to catchment coverage by 
organic-rich coastal plain versus organic-poor mountainous terrain. Concentrations of 
DOC and DON from slope-derived relationships were paired with discharge data to 
estimate annual DOM fluxes from five Eurasian rivers in data-poor regions. These fluxes 
serve as updates from previously reported values and thus contribute new understanding 
of DOM inputs from pan-Arctic watersheds where export estimates are limited. Tracking 
long-term changes in these relationships in the future can help us to identify the impacts 
of thawing permafrost and associated shifts in hydrology as the Arctic warms. 
Seasonality is a defining feature of physicochemical conditions in Arctic coastal 
waters, but fundamental knowledge of temporal patterns in DOM within productive 






lacking to date. Chapter 2 provides baseline understanding of temporal variations in the 
quantities and sources of DOM within lagoons along the eastern Alaska Beaufort Sea 
coast, thereby improving knowledge of the links between watershed nutrient export, 
biogeochemical cycling, and biological production in Arctic coastal waters on seasonal 
timeframes. Lagoon DOM in the spring (late June) is strongly influenced by river inputs 
that inundate the Beaufort Sea coastline following the snowmelt-driven peak discharge 
period. Lagoon DOM over the summer (August) reflects the mixing of freshet-derived 
DOM with marine-sourced DOM from the Beaufort Sea. The quantities of summer 
lagoon DOM do deviate from conservative mixing behavior, which can be attributed to 
variability in the magnitude of riverine DOM inputs during the late spring and summer 
months as well as variability in lagoon geomorphology that affects the exchange of water 
with the open ocean. Lagoon DOM during the winter (April) is predominately sourced 
from the polar mixed layer, but there is evidence that inputs from regenerated benthic 
material and/or degrading POM contribute to lagoon DOM pools during this time. While 
mixing of freshwater and marine DOM is a primary driver of temporal changes in the 
quantities of lagoon DOM between the spring and winter periods, processing effects by 
microbial and photo-degradation may also be important. Overall, Chapter 2 demonstrates 
that distinct seasonal transition in ice-coverage, runoff from land, and connectivity with 
the open ocean are coupled to dynamics changes in the sources and quantities of DOM in 
Arctic lagoons, which in turn, can help explain the timing and magnitude of biological 
production. This study provides new understanding of seasonal patterns in lagoon DOM 
that are needed to assess the impacts of Arctic warming, which are already affecting the 
landward and ocean margins of lagoons in northern Alaska (Lantuit et al., 2011).  
Groundwater will become an increasingly important source of freshwater and 






2009). While it is known that SPGW flow increases with the seasonal thawing of the 
active layer and represents a major source of DOM to fluvial networks in the summer 
(Walvoord et al., 2012; Neilson et al., 2018), few studies have attempted to characterize 
SPGW inputs to Arctic coastal waters. In Chapter 3, we found that late summer SPGW 
supplies an appreciable quantity of freshwater, DOC, and DON to lagoon ecosystems of 
the eastern Alaska Beaufort Sea coast and to Arctic coastal waters more generally. SPGW 
DOM inputs thus provide a potentially important source of energy for lower trophic 
productivity, especially in coastal regions without river inputs. This groundwater DOM is 
sourced from organic-rich soils that span the entire thawed soil profile, but primarily 
from highly leachable soils near the surface and deeper soil horizons, including shallow 
permafrost. The export of SPGW DOM to Arctic coastal waters will likely increase in the 
future as thawing permafrost liberates massive stores of soil organic matter. 
While SPGW is a major input of DOM to Arctic coastal waters during the late 
summer, knowledge of the composition and bioavailability of this DOM is inherent to 
understanding its use as a food source by lagoon consumers. In Chapter 4, biodegradable 
DOC experiments showed that there is little microbial-mediated loss of DOC in SPGW, 
river water, and lagoon water over 28 days. This can be attributed to their high relative 
abundance of aromatic carbon compounds, which tend to be more resistant to biological 
degradation than higher energy-yielding compounds such as aliphatics (Freeman et al., 
2001; Mann et al., 2014; Spencer et al., 2015). In contrast, the experimental results do 
suggest that microbial communities consume an appreciable amount of DOM compounds 
in SPGW that appear to have already been degraded in riverine and lagoon water. One 
possible explanation is that SPGW contains fresh and recently produced soil-DOM that 
has seen less prior biological and photo-degradation. This is supported by results of the 






summer. These results show that SPGW contains a component of reactive DOM that is 
not present in river and lagoon water, while lagoon water contains a portion of unreactive 
DOM that is absent in SPGW and river water inputs. 
Groundwater is a globally significant source of nutrients for coastal environments 
that has only recently gained attention in the Arctic (Moore, 2010; Dimova et al., 2015; 
Lecher, 2017). However, the importance of SPGW DOM inputs to coastal lagoons in 
northern Alaska, and the role that SPGW plays in ecosystem function as well as the 
cycling of carbon and nitrogen has not been fully realized. As Chapters 3 and 4 reveal, 
SPGW is a major terrestrial source of DOM to Arctic coastal waters during the late 
summer and may provide an important carbon subsidy for lagoon food webs that rely 
heavily on land-derived material throughout the year (Dunton et al., 2006; Connelly et 
al., 2015; Harris et al., 2018). As Chapters 1 and 2 reveal, landscape features and 
seasonal changes in surface hydrology are primary drivers of watershed DOM export to 
Arctic coastal waters across spatial and temporal scales. Future studies characterizing 
spatial and seasonal variations in SPGW DOM inputs would improve our understanding 
of linkages among watershed nutrient export, biological production, and biogeochemical 
cycling in Arctic coastal waters. While our experimental studies on the bioavailability of 
DOM in SPGW versus river and lagoon water provide useful information on the potential 
importance of these sources, further investigation on the use of these DOM types by 
lagoon consumers is needed. Perhaps most importantly, SPGW DOM export serves as a 
direct pathway for the movement of organic matter in thawing permafrost from land to 
Arctic coastal environments. Future studies that characterize the relationships between 
thawing permafrost, groundwater hydrology, and biogeochemical cycling in Arctic 
coastal systems are urgently needed in order to assess their response to and forecast 







APPENDIX A: CHAPTER 1 SUPPLEMENTARY MATERIAL 
This supplementary material provides the procedures for sample collection and 
analysis for rivers east of the Sagavanirktok along the North Slope of Alaska; details on 
watershed delineation, watershed slope, and soil organic carbon content estimation; and 
regression coefficients for relationships between watershed slope and concentrations of 
























In this section we describe the procedures for sample collection and analysis for 
the eastern North Slope rivers. Water samples from the Kavik, Canning, Hulahula, 
Okipilak, Jago, Aichilik, Kongakut, and Turner rivers were collected from a wide range 
of catchments, including sites in the headwaters of the Brooks Mountain Range, along 
river main stems, in low-lying tundra tributaries, and at downstream locations near the 
river deltas. Sampling was largely performed by citizen scientists and researchers from 
the Arctic National Wildlife Refuge (a branch of the U.S. Fish and Wildlife Service), the 
United States Geological Survey, and the University of Alaska, Fairbanks. This 
necessitated development of a lightweight, portable, easily operable sampling procedure.  
In the field, surface water samples for dissolved constituents were collected using acid 
washed pre-leached 140 mL polypropylene syringes. Samples were then immediately 
filtered using 33 mm diameter 0.45 µm polyethersulfone membrane syringe tip filters 
into acid washed pre-leached polycarbonate bottles. Following filtration, samples were 
acidified for preservation (final pH < 2) using ultra-pure hydrochloric acid. Samples were 
analyzed for DOC and total dissolved nitrogen (TDN) at the University of Texas Marine 
Science Institute (UTMSI) on a Shimadzu TOC/TN analyzer. NO3− was also measured 
from collected samples at UTMSI using a cadmium reduction method modified for a 
BioTek µQuant microplate spectrophotometer (Jones, 1984). Ammonium (NH4+) data 
were not measured for most collection sites; therefore, DON was calculated from TDN 
minus NO3− alone. Although missing NH4+ values add some uncertainty to estimates of 
DON concentrations, rivers draining Alaska’s North Slope typically have low NH4+ 
concentrations and uncertainties introduced by not accounting for the contribution of 
NH4+ are minor (Townsend-Small et al., 2011; Khosh et al., 2017). 
Here we describe our approach to define watershed boundaries. Watershed areas 






Yukon, and Mackenzie) were delineated with ESRI ArcGIS version 10.2 software (North 
Pole Lambert Equal Area Projection) using a 1 km digital elevation model (Hydro 1K 
DEM). Exact coordinates of sampling locations were used for the Yukon, Mackenzie, 
Ob’, Yenisey, and Kolyma delineations. The Lena was delineated from a point 40 km 
upstream of the sampling location due to ambiguities in DEM resolution for this site.  
Watershed areas upstream of the Pechora at Ust-Tsilma, Mezen at Malonisogorskoye, 
Severnaya Dvina at Ust-Pinega, Olenek 7.5 km downstream from Buur's offing, and 
Yana at Ubileynaya were delineated using the same approach. Watershed areas for 
Alaska’s North Slope rivers were delineated using the same software, but with a 40 m 
DEM (USGS National Elevation Dataset). Watershed slope (%) was estimated from each 
delineated area using Google Earth Engine for the larger pan-Arctic rivers and ArcGIS 
for the smaller North Slope rivers. Although these software packages are different, their 
areal extrapolation methods to calculate watershed slope are similar. Refer to Burrough 
and McDonell (1998) for more details on how watershed slope is calculated. Watershed 
area and slope calculations for the Ob’ excluded a large endorheic basin (an internal 
drainage area with no connection to the rest of the river network) of ~245,277 km2 that 
lies within the southern region of the watershed. Likewise, a smaller endorheic zone 
(7,693 km2) was excluded from the southern region of the Yensiey watershed. Average 
soil organic carbon content (SOCC kg m−2) was calculated within delineated catchment 
boundaries for each sampling location in this study using the soil organic matter dataset 
(100 cm) from the Northern Circumpolar Soil Carbon Database (NCSCD) (Hugelius et 
al., 2013). The NCSCD raster dataset includes gridded SOCC values for the entire pan-
Arctic that can be used for estimating watershed means. The highest spatial resolution 
dataset (0.012°) was used for all watersheds, except for the Yenisey where a 0.05° 






included because a large portion of the watershed was missing in the NCSCD dataset. 
Average SOCC and watershed slope values for each catchment in this study were used to 






Table A.1. Regression coefficients for relationships between watershed slope values (%) and fluvial constituent concentrations 
(mg L-1). Results are provided for analyses using all available data as well as balanced datasets (i.e., equal spring 
and summer representation of data). 95 % confidence intervals (CI) are reported below coefficient values. Values 
and CIs in bold indicate a significant difference (α set at 0.05) between spring and summer coefficients from an 
analysis of covariance (ANCOVA) test. For DOC and DON, the regression models take the form of y = mln(x) + 
b. The NO3− models take the form of y = m(x) + b. 
 DOC   DON  NO3− 
 Intercept Slope R2 n   Intercept Slope R2 n  Intercept Slope R2 n 
               
   Unbalanced               
      Spring               
        Value 15.1 −3.64 0.75 35  0.421 −0.091 0.70 33  0.049 0.0001 0.002 33 
         CI 13.9 to 16.3 −4.01 to −3.27    0.387 to 0.455 −0.101 to −0.080    0.033 to 0.066 −0.0004 to 0.0006   
      Summer               
        Value 12.3 −2.94 0.62 52   0.503 −0.120 0.65 44  0.009 0.0022 0.16 44          CI 11.3 to 13.4 −3.27 to −2.61    0.460 to 0.545 −0.134 to −0.106    −0.017 to 0.035 0.0014 to 0.0029   
   Balanced               
Spring                    Value 14.7 −3.39 0.67 22   0.395 −0.081 0.67 20  0.051 0.0004 0.017 20  CI 13.1 to 16.2 −3.92 to −2.86    0.358 to 0.433 −0.095 to −0.068    0.032 to 0.070 −0.0003 to 0.0010   
   Summer               
     Value 10.8 −2.54 0.70 22   0.365 −0.082 0.73 20  0.002 0.0044 0.41 20    CI 9.7 to 11.8 −3.63 to −1.45    0.331 to 0.398 −0.093 to −0.070    −0.034 to 0.038 0.0031 to 0.0056   






APPENDIX B: CHAPTER 2 SUPPLEMENTARY MATERIAL 
This supplementary material section provides a figure comparing lagoon DOC 
concentrations and C:N ratios with their associated stable oxygen isotope (δ18O) values 
for a subset of low-salinity (salinity < 5) lagoon water samples collected in June. δ18O 






Figure B.1. Relationships between DOC concentration and C:N ratios versus δ18O values 
for lagoon water samples collected in June. All samples had salinities < 5. 
The gray shaded areas and dashed lines mark the upper and lower limits of 






APPENDIX C: CHAPTER 3 SUPPLEMENTARY MATERIAL 
This supplementary information material provides a figure depicting boat-towed 
measurements of radon (222Rn) in Kaktovik Lagoon, a more detailed description of the 
steady-state radon 222Rn isotope box model, and discussion of the uncertainty in our 

























In this section we provide a step-by-step description of the steady-state Rn isotope 
box model calculations that were used to estimate total groundwater discharge to 
Kaktovik Lagoon. This model uses the same mass balance approach described in a 
number of other studies (e.g., Cable et al., 1996; Corbett et al., 2000; Dimova and 
Burnett, 2011; Dimova et al., 2013). In particular, our model adopts a framework for lake 
systems in Kluge et al. (2007).  
Assuming that Kaktovik Lagoon is well mixed and that lagoon Rn activity is at a 
steady state (i.e., dCla/dt = 0), then only the following quantities need to be determined 
for the model: the mean Rn activity concentration of lagoon water Cla-Rn, a representative 
Rn activity concentration of SPGW inflow Cgw, the radium (226Ra) activity concentration 
of the lagoon water Cla-Ra, a representative value for the Rn sediment flux Fsed, and the 
gas exchange flux of Rn from the lagoon surface to the atmosphere Fatms. We assume that 
the lagoon water level remained the same during the sampling period (21 & 21 August 
2017) and so we can treat the total lagoon volume (V) and exchange with groundwater as 
constant. We also assume that lagoon Rn activity concentrations do not change over time. 
This assumption is reasonable because of the shallow and largely enclosed nature of 
Kaktovik Lagoon, which is expected to cause a relatively long residence time of water 
over the summer (Delesalle and Sournia, 1992). Given the assumptions, the Rn mass 
balance equation is thus: 
 
(1) Qgw (Cgw − Cla-Rn) + Fsed Ased – Fatms Asurf − λRn V (Cla-Rn) + λRa V (Cla-Ra) = 0  
 
Qgw is the unknown volumetric groundwater inflow (m3 d−1), which can be 
calculated when all other inputs, outputs, and sinks/sources are known: the input of Rn 






loss of lagoon Rn to natural decay λRn V (Cla-Rn), and the introduction of Rn to lagoon 
water through Ra decay λRa V (Cla-Ra).   
Cgw (Bq m−3) was estimated from the average of three SPGW samples (222.5 Bq 
m−3). The discrete groundwater samples were analyzed using 250 mL volumes following 
the Wat250 protocol for the RAD7 radon-in-air monitor (Durridge Company, Inc.). Each 
Rn measurement was corrected for 222Rn that has decayed during the time elapsed 
between sample collection and measurement in the field following: 
 
(2)  Cgw-initial = Cgw-final / e −λRn t 
 
Cgw-final (Bq m−3) is the measured groundwater Rn concentration following sample 
collection. λRn is the decay constant of 222Rn (0.181) with a half-life of 3.83 days. t (in 
days) is the time elapsed between each sample collection and sample Rn measurement. 
Cla-Rn (Bq m−3) is the average of boat-towed Rn measurements collected over the 
course of 21 and 22 August 2017 (32.4 Bq m−3). The measurements were done in-situ 
using the RAD-AQUA accessory (or water degassing chamber). Water from 
approximately 2–3 feet depth was pumped continuously into the RAD-AQUA accessory. 
The gas in the chamber was sent to three separate RAD7 units following the approach of 
Dulaiova et al. (2005). The RAD7 monitors each measured Rn every 30 minutes but each 
unit was started 10 minutes apart. With the boat moving at 1–2 knots, this allowed for 
traversing Kaktovik Lagoon over two days. The Rn measurements shown in the map are 
located at the mid-point of a 30-minute long traverse preceding each Rn measurement. 
Asurf is the area of the lagoon surface and Ased is the area of the lagoon sediment 
surface, which are assumed to be the same. Ased and Asurf (2.47 × 107 m2) were estimated 






tool. A small embayment near a stream outlet on the eastern side of Kaktovik Lagoon 
was not included in this area estimate.  
λRa is the decay constant of 226Ra (1.19 × 10−6) with a half-life of 1,577 years. 
Cla-Ra (Bq m−3) is the Ra concentration of Kaktovik Lagoon (5.93 Bq m−3). We did 
not directly measure 226Ra in this study and so we used an estimate of late summer Ra 
concentration in Elson Lagoon on the western side of the Alaskan Beaufort Sea coast 
from Dimova et al. (2015) (35.6 +/− 5.8 dpm per 100 L converted to Bq m−3). Kaktovik 
and Elson lagoons are functionally similar, so we assume that Ra concentrations are the 
same during this time period. 
V of Kaktovik Lagoon (6.15 × 107 m3) was estimated from Asurf and the average 
lagoon depth (2.5 m), which was calculated from a NOAA bathymetric map.  
The other terms for the Rn box model were calculated from the following series 
of equations: 
 
(3)  Fsed  = (Ds λRn)0.5 × (Csed – Cla-Rn) 
 
Fsed (Bq m2 day–1) is the flux of Rn from lagoon benthic sediments. Ds (m2 day−1) 
is the wet bulk sediment diffusion coefficient. Here we assume a Ds value of 4.22 × 10−5 
m2 day−1 for Kaktovik Lagoon, which is derived from the 154 cm2 yr−1 estimate for 
benthic sediments at 0–1 cm depth in Toolik Lake, Alaska reported by Cornwell and 
Banahan (1992). The diffusive conditions in benthic sediments of Toolik Lake are likely 
similar to that in Kaktovik Lagoon because their surrounding environments are very 
similar. Csed (Bq m−3) is the equilibrium activity of Rn measured from wet lagoon benthic 
sediments. Csed was estimated from the average of seven lagoon sediment samples 






measured for Rn activity in a bulk emissions chamber. Rn concentrations were then 
converted to the expected Rn activity from wet lagoon sediments using the equation: 
 
(4) Csed = MnRn-box / Vw 
 
Csed (Bq m−3) is the expected Rn activity concentration from wet lagoon sediments 
in the bulk emissions chamber given a sediment porosity (ϕsed) of 0.25 and particle 
density of quartz; this porosity was assumed and is typical of silty sand such as those 
present in Kaktovik Lagoon. MnRn-box (Bq) is the measured Rn production from a known 
mass of dry sediment. Vw (m3) is the volume of water or air in the bulk emissions 
chamber (2,800 cm3). 
Fatms (Bq m2 day–1) is the loss of Rn to the atmosphere from the lagoon water-air 
interface. Fatms is calculated from the following series of equations: 
 
(5)    Fatms = k(600) × (Cla-Rn – α Cair) 
 
k(600) (m day−1) is the gas transfer coefficient and Cair (Bq m−3) is the Rn 
concentration in the air, which is assumed to be 0.10. α is the Ostwald’s solubility 
coefficient. k(600) was estimated using the following equations (Macintyre et al., 1995): 
 
(6)    k(600) = 0.45 (u101.6) × (Sc/600)–b 
 
u10 (m sec−1) is the wind speed at 10 m above ground and b is 0.5 for wind 






Kaktovik Lagoon (0.002 m sec-1) was acquired from wunderground.com for 21 and 22 
August 2017. Sc is the Schmidt number, which is calculated by the following equation: 
 
(7)  Sc  = v / Dm 
 
v is the kinematic viscosity (cm2 sec−1) and Dm is the Rn molecular diffusion 
coefficient. v is solved by: 
 
(8)  v = µ / ρ 
 
µ (kg m−1 sec−1) is the absolute viscosity and ρ (kg m−3)  is the density of lagoon 
water with a water temperature of the 9.68 °C and salinity of 20.4 PSU. Temperature and 
salinity were not measured throughout Kaktovik Lagoon during the study period. Rather, 
these values were calculated from 15 August 2012 data reported in Harris et al. (2017). 
Therefore we assume that these values represent ambient lagoon conditions during our 
sampling period. In step (7), Dm is calculated by: 
 
(9) Dm = 10 – (980/T) + 1.59 
 
where T is the temperature of lagoon water in Kelvin (282.83 K). In step (5), α is 
given by: 
 







where T is the average air temperature on 21 and 22 August (6.67 °C) acquired 
from wunderground.com.  
In the proceeding section we quantify uncertainty in total groundwater discharge 
by propagating standard errors (SE) for the main components of the Rn box model. These 
SEs reflect variability between Rn measurements as opposed to analytical uncertainty. 
Analytical uncertainties for Rn measurements are typically 10–15 % using these methods 
(Dimova et al., 2013). These components and their associated mean Rn concentrations ± 
1 SE are: land-derived SPGW inputs (223 ± 20 Bq m−3), lagoon sediment inputs (2,932 ± 
650 Bq m−3), and lagoon water (32.4 ± 3.9 Bq m−3). Propagating error from individual 
end-member values show (1) a 12 % increase and 10 % decrease in discharge associated 
with error in our groundwater Rn value; (2) a 27 % increase and decrease in discharge 
associated with error in our lagoon sediment Rn value; and (3) a 29 % increase and 28 % 
decrease in discharge associated with error in our lagoon water Rn value. Using the 
average Rn end-member values, our modeled groundwater discharge to Kaktovik Lagoon 
was 8.56 × 105 m3 day−1. The potential minimum and maximum groundwater discharge 
when propagating error from all three end-members is 3.50 × 105 m3 day−1 and 1.51 × 106 
m3 day−1. Maximum discharge results from a propagation of error associated with the 
mean groundwater Rn value – 1 SE (202 Bq m−3), the mean lagoon sediment Rn value – 
1 SE (2281 Bq m−3), and the mean lagoon water value + 1 SE (36. 2 Bq m−3), while the 
opposite will result in the estimated minimum groundwater discharge.  
Using the average end-member Rn values and the assumption that 5 % of total 
groundwater discharge measured by our Rn box model is land-derived freshwater, we 
estimated that SPGW exports 2,128 m3 of freshwater, 70.6 kg of DOC, and 4.3 kg of 
DON per day per km shoreline. Scaled to the Alaska Beaufort Sea coastline, SPGW 






DON day−1. After accounting for error propagation, we estimate at a minimum SPGW 
exports 871 m3 of freshwater, 28.9 kg of DOC, and 1.8 kg of DON per day per km 
shoreline. Scaled to the Alaska Beaufort Sea coastline, this equates to 1.7 × 106 m3 
freshwater day−1, 56.5 Mg DOC day−1, and 3.4 Mg DON day−1. We estimate at a 
maximum SPGW exports 3,753 m3 of freshwater, 125 kg of DOC, and 7.5 kg of DON 
per day per km shoreline. Scaled up to the Alaska Beaufort Sea coastline, this equates to 
7.3 × 106 m3 freshwater day−1, 244 Mg DOC day−1, and 14.7 Mg DON day−1. 
This analysis demonstrates that we can expect an uncertainty in SPGW discharge 
















Figure C.1. Boat-towed measurements of 222Rn concentrations around Kaktovik Lagoon 
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